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ABSTRACT
MASS TRANSFER REACTIONS AND DECAY SINKS 
FO R DISINFECTANTS IN  W ATER DISTRIBUTION SYSTEMS
Jeremy Jones 
Old Dominion University 2002 
Director: Dr. Gary Schafran
Treatm ent plants utilize chlorine and chloramine both as a primary disinfectant 
for water purification and a secondary disinfectant for distribution system protection. 
T he treatm ent goal is that the disinfectant residual be present throughout the
i,
distribution system until it reaches the customer’s tap. M aintaining a residual 
throughout the system is critical for providing pathogen-free water and protecting 
human health. Therefore, water utility authorities are very interested in how 
disinfectants such as chlorine and chloramine decay as they travel through a  water 
distribution system.
Current mathematical models typically divide the decay into two distinct phases. 
There is (I) decay occurring in the bulk phase of water and (2) decay attributed to a 
demand exerted by the pipe wall. Transport between these two phases has been 
described w ith a  variety o f mass transfer processes, which utilize dimensionless flow 
parameters such as the Reynolds, Schmidt and Sherwood number.
F o r many unlined cast iron water distribution grids, field data exhibited higher 
disinfectant decay rates than could be explained with conventional modeling. Using the 
Norfolk Naval Base as a  test site, field data was collected from low flow areas o f the 
water distribution system from 1999 through 2002. A new decay model was developed 
to account for biofilm characteristics as they vary in relation to various pipe wall
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materials- These materials were polyvinyl chloride, transite, cement-lined ductile iron, 
and unlined cast iron.
D uring the research, it was found that the heterogeneous surface profile o f  cast 
iron pipe significantly altered the hydraulic flow profile. As a result, turbulent flow can 
be assumed for all flow regimes in the mass transfer expressions. However, modifying 
the hydraulic radius and diameter to account for the tubercled wall surface did not 
improve the model results. These modifications overpredicted the mass transfer in most 
scenarios.
This research effort also identified three other decay sinks to be incorporated in 
the model. These sinks were diffusion, iron release from cast iron pipe walls, and 
microbial detachment events from pipe wall biofilms. Diffusion was found to be a 
significant sink under zero flow conditions for pipe diameters eight inches and smaller. 
Adjustments in the diffusion term  to account for tubercled surface profiles also appear to 
be justified. Iron release episodes were very sporadic but were found to occur under 
zero flow and low flow conditions. Microbial wall sheds were found to be the most 
dominant decay sink for cast iron pipe in zero flow conditions. Microbial detachment 
events were indirectly measured by collecting and analyzing heterotrophic plate count 
samples using R2A agar.
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2has been used extensively to study disinfection strategies, chlorine decay, chloramine 
decay, trihalomethane formation, effectiveness of flushing programs, booster 
chlorination practices, and capital improvement strategies
W ater distribution system layouts incorporate a grid pattern to allow water to 
feed areas from more than one direction. This pattern can result in a  continuously 
varying path o f water through the distribution system. In residential areas, the close 
proximity o f housing units results in relatively constant water use except for daily 
temporal variations. For many cities, the constant consumption of water and the 
resulting distribution system retention time limits the extent o f time-related 
degradation o f water. Exceptions to this situation would be dead ends and low demand 
areas.
M ilitary installation distribution systems have unique characteristics that 
degrade water quality compared to municipal/community distribution systems. These 
systems typically have long runs of pipe, low water usage, long residence times, and as a 
consequence poor water quality due to the following factors:
1) Sporadic land development has isolated buildings and demand,
2) Explosive arc requirements for ordinance areas have also isolated buildings 
(Explosive arcs refer to zones around ordinance storage areas. These zones 
are clear o f buildings in the event of an explosion.),
3) The distribution systems are typically cast iron, the predominant pipe 
material used during W W II and the 1950's,
4?) Decreasing military population is decreasing water usage and flow,
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35) Fire protection requirements for non-residential facilities have frequently 
resulted in oversized pipe in terms o f domestic consumption,
6) Storage tanks constructed to maintain system pressure have low turnover 
rates and long detention times due to low system demand.
To better understand w ater quality behavior, utilities often conduct disinfectant 
(e.g., chlorine, chloramine) decay studies that typically require extensive bench testing 
and field testing. Disinfection a t a water treatm ent plant is employed to destroy 
pathogenic organisms present in the raw water source. Once treated water leaves the 
plant and enters the distribution system, the disinfectant residuals generally decline 
with residence time as a function of reactions occurring within the bulk phase o f water 
and interaction with pipe wall biofilms. Microbial contamination can be introduced into 
the distribution system from many sources. Some examples include injured organisms 
surviving the disinfection process, poor disinfection practices a t water break repairs, 
poor cross connection practices, microbial entry a t air/w ater interfaces in storage 
reservoirs, and certain construction activities. Therefore, maintaining a disinfectant 
residual is important to keep microbial intrusion minimized within the system. Models 
that can accurately predict disinfectant residuals in the system are extremely useful 
because they can predict where disinfectant residuals are deficient, help optimize 
flushing programs, and determine which pipe networks should be replaced to minimize 
disinfectant decay.
M ost models consider that disinfectant decay occurs from (1) decay within the 
bulk phase o f the water and also through (2) reaction o f disinfectant with the pipe wall 
(including corrosion byproducts, precipitates, o r biofilms on the interior pipe wall) after
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4transport o f disinfectant from the bulk water phase. Consequently, consumption of 
disinfectant can be described by kinetic equations for (l) the bulk phase and (2) the pipe 
wall. Since transport to the pipe wall is necessary for reactions to occur there, 
characterization o f transport between the bulk phase and the pipe wall is an important 
process to be portrayed. Depending on the system, mass transport is typically 
described by bulk fluid movement, dispersion and /o r diffusion. Kinetic expressions are 
typically used to disinfectant decay described as a function o f the concentration o f the 
reacting constituents(s) raised to a particular power (i.e., reaction order) multiplied by a 
rate constant (or coefficient). In water distribution systems, the overall disinfectant 
decay is frequently described after quantifying three coefficients. These coefficients are:
1) kb, the decay coefficient for the bulk phase o f the water,
2) kw, the decay coefficient accounting for the pipe wall demand, and
3) k f, the mass transfer coefficient describing the transport o f  the disinfectant from 
the bulk liquid to the pipe wall (Rossman 1994).
M ost research indicates that chlorine follows first-order decay in the bulk phase 
(Vasconcelos 1996, 1997, M aeir e ta l. 2000, Powell e t al. 2000), while bulk-phase 
chloramine decomposition has been reported to follow a second-order decay rate 
(Valentine 1998). In addition to the bulk phase demand, there also can be significant 
disinfectant decay with respect to the active biofilm on the interior pipe wall. Presently, 
there does not exist any established method for direct determination o f chlorine decay 
kinetics due to pipe wall/biofilm reactions (Vasconcelos e ta l. 1996, 1997). Instead, the
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5data m ust be “back-fit” by comparing bottle tests (that determine bulk decay) with data 
collected through field measurements (that include bulk decay and pipe wall decay).
For pipe wall chlorine decay, consumption has been described using zero o r 
first-order reactions (Vasconcelos et al. 1996, 1997). There is much work in this field 
but a first-order rate expression appears to be the most commonly used approach 
(Rossman 1998). Chloramine decay with respect to the pipe wall is currently being 
studied (Valentine 1998) and as a result there is no readily available literature 
concerning pipe wall chloramine demands. Relating distribution system conditions to 
disinfectant consumption is an important step to be made in advancing disinfectant 
decay modeling. As more systems calibrate chlorine decay models, Vasconcelos e t al. 
(1997) noted the value o f establishing databases relating kinetic parameters to water 
chemistry and pipe characteristics.
1.2 Summary o f Research Goals
Understanding and being able to predict the behavior o f disinfectant residuals in 
a distribution system is critical to being able to maintain a pathogen-free water and 
protect human health. W ater quality modeling is one tool that engineers and water 
treatm ent professionals can use to predict the impact o f distribution system operation 
and conditions. For a model to be an effective tool, the reactions have to be well 
characterized in the model. This characterization includes accurately describing both 
the transport and the biochemical reactions that occur within the system. W hile there 
may be many reactions that contribute to disinfectant decay both in the bulk phase and 
the pipe wall, it  appears that disinfectant decay can be adequately characterized by 
considering a limited number o f  parameters. To date, a limited amount o f research has
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been conducted to determine the influence o f the distribution system characteristics on 
disinfectant decay.
This research was conducted to better assess the role o f  the distribution system 
in chlorine/chloramine decay. Specifically, this study examined how physical 
characteristics of the distribution system influence disinfectant decay. Factors included 
pipe roughness, velocity, w ater temperature, spatial orientation within the system, pipe 
diameter (i.e., pipe surface area per water volume), and pipe material.
This study was divided into three phases. Phase 1 examined mass transfer 
expressions depicting disinfectant decay attributed to pipe walls. Phase 2 investigated 
other disinfectant decay sinks not normally identified in mass transfer such as diffusion, 
iron release from the pipe wall, and heterotrophic microorganism shedding from the 
pipe wall. Phase 3 examined the practicality of developing dimensionless flow 
parameters in relation to pipe geometry. For cast iron pipe, tubercle growth 
dramatically changes the interior surface conditions. Several correlations were 
examined between Hazen-Williams "C" factors, Darcy-Weisbach "f’ friction factors, 
Reynolds number, and the hydraulic radius o f severely tubercled cast iron pipe. The 
research data collected under this project suggest the pipe wall exerts a much greater 
influence on disinfectant demand than predicted under previous models.
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72: LITERATURE REVIEW
2.1 Chlorine
2.1.1 Chlorine Reactions with W ater
W hen chlorine is added to water, it  reacts (Eq 2-1) within seconds resulting in 
the formation o f hypochlorous acid (AWWA 1973, W hite 1992, Connell 1996).
Clz + H zO ->  HOCl + H * + C l~  Q Eq 2-1]
T he equilibrium constant (K«j) a t 25°C is 3.94 x 10+ M~l for this reaction.
Hypochlorous acid (HOC1) then dissociates into hydrogen (H+) and hypochlorite (OCl~) 
with the degree o f deprotonation determined by solution pH (Eq 2-2). The reaction 
between HOC1 and OC1* is reversible and is dependent upon the pH and temperature. 
A t T  =  20°C, the pKa for this reaction is 7.5, thus the concentration o f HOC1 and OCl~ 
are equal a t pH =  7.5. The species distribution o f these two species is illustrated in 
Figure 2.1.
HOCl <----- > H + +OCl~  QEq 2-2]




g 0.6 -  HOCl 
— OC13
O
6 8 9 10o
Figure 2.1: Speciation o f Chlorine as a function o f  pH value
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8The sum o f hypochlorous acid (HOC1) and hypochlorite (OCl~) ions is termed 
free available chlorine and is the “active" disinfectant primarily providing protection 
from pathogens in chlorinated water. Hypochlorous acid is generally recognized as the 
more potent o f the two forms and has been reported to have 100 times the disinfection 
power of OC1- (Connell 1996). However, in drinking water systems, little attention is 
paid to the distribution between these two forms.
Chlorination can also be achieved through the addition of hypochlorite salts 
which form hypochlorous acid (HOC1) as follows:
NaOCl +  H zO ->  HOCl +  Na* +  OH~ QEq 2-3]
Ca [O C l\ +  2H zO ->  2HOCI +  Cal¥ +  20H~ QEq 2-1]
Another by-product o f  these two reactions is the hydroxide (OH") ion which can 
raise the solution pH. However, since the dosage rates o f these salts are usually below 
10 m g/L  as Cls, there typically is little effect on the overall pH (Connell 1996). 
W hether hypochlorite salts o r gaseous chlorine is used, hypochlorite is formed and will 
establish equilibrium with the hydrogen ions as shown in Eq 2-2.
I t is important to understand how bacteria become inactivated by chlorine. The 
speciation of the chlorine has a  direct bearing on the effectiveness o f  the disinfectant. 
Bacteria are single-celled organisms w ith a negative charge on the exterior cell wall. 
(Connell 1996). This negative charge tends to repulse hypochlorite ion (OC1") while 
hypochlorous acid (HOCl) with no charge can penetrate the cell wall more effectively 
and destroy the organism through oxidation o f intracellular components.
Consequently, because o f the ability to penetrate the cell wall, HOCl makes a stronger 
disinfectant.
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2.1.2 Introduction to Chlorine Kinetics
One of the most studied parameters in distribution modeling is chlorine decay. 
Chlorine is consumed in a variety o f chemical reactions including reactions with organic 
and inorganic constituents, reactions w ith biofilms attached to the distribution pipe 
wall, and the consumption o f chlorine in the corrosion process (Connell 1996, 
Vasconcelos e ta l. 1996, 1997).
Reactions with inorganic constituents include the oxidation of metals such as 
iron (Eq 2-5), manganese (Eq 2-6), nitrite (Eq 2-7), ammonia (Eq 2-8), and sulfur (Eq 2- 
9 and 2-10). Note the conversion o f sulfide to sulfate is shown as a two-step function. 
(Connell 1996).
2FeI+ +  HOCl ->  2Fe3+ +  Cl~ +  OH~ CEq 2-53
Mnz+ + HOCl ->  Mni+ +  Cl~ +  0 H~ QEq 2-63
n o i  +  h o c i  ->  n o ; + c r + o h  ~ CEq 2-73
HOCl +  N H i -► N H zCl +  H zO CEq 2-83
S z~ -h HOCl —» s  +  c r  +  O H - CEq 2-93
S  + 3H0 CI ->  S O * ' + 3C r  + 30H~ CEq 2-103
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Chlorine reactions with organic m atter present in water result in chlorine 
consumption and the formation o f  disinfection byproducts (DBPs). These reactions are 
considerably more complex and less well understood than reactions with inorganic 
constituents. Some o f the known disinfection byproducts include trihalomethanes 
(chloroform, bromodichloromethane, dibromochloromethane, bromoform), haleocetic 
acids, haleocetonitriles, cyanogen, halides, and halopicrins (Connell 1996).
Chlorine decay in the bulk phase has been studied and documented since the 
early part of the 20th century when chlorine was first commonly used as a disinfectant in 
water distribution systems (W hite 1986). M ost efforts to model chlorine decay have 
utilized the first-order reaction rate expression because o f the simplicity o f using this 
approach and because it has provided a reasonable fit. There have been more recent 
studies (Vasconcelos e t al. 1997, Clark 1998, Hua 1999) searching for improved rate 
expressions for bulk chlorine decay. However, the most frequently used reaction rate 
expression continues to be the first-order rate equation (Eq 2-11).
C0 =  free chlorine concentration time, t  =  0
W hen modeled in its simplest form, the reaction rate constant, “k," is used to account 
for all bulk phase chlorine-consuming reactions, includes reactions with pipe walls, and
QEq 2-11]]
where: C =  bulk-phase chlorine concentration
k =  first-order reaction rate constant for chlorine decay
The integrated form o f Eq 2-11 can be expressed as:
[E q  2 -  123
where: C(f)= free chlorine concentration a t time, t
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is extremely site specific. In  essence, “k" is a lumped parameter rate constant. Factors 
in a distribution that influence the rate constant include the presence o f  oxidizable 
substances, water temperature, velocity, wetted pipe surface, composition o f  pipe 
coating, diameter, and pipe material (Sharp 1991, Vasconcelos e t al. 1997).
2.1.3 First-Order Decay Expressions
Vasconcelos e t al. (1996) extensively modeled chlorine concentrations in a 
number of water distribution systems and focused on developing pipe wall chlorine 
decay expressions that related to pipe wall characteristics. This approach was taken to 
attem pt to better describe pipe wall/biofilm reactions which are known to affect bulk- 
phase chlorine concentrations. The overall chlorine decay was modeled as:
1.) Bulk only (modeled as first order for this and all other modeling efforts)
2.) Bulk and first-order wall decay
3.) Bulk and zero-order wall decay
4.) Bulk and first-order wall decay based on pipe roughness
5.) Bulk and zero-order wall decay based on pipe roughness
A calibrated hydraulic model o f a portion of the Harrisburg, Penn., water system 
was used to test the applicability o f these different reaction mechanisms. A 35-hour 
extended period simulation was conducted under each of the various decay models and 
compared with the hourly sample data collected from 29 points within the network. 
Using only Case 1, bulk decay was not sufficient to account for all the decay. By 
neglecting pipe wall demands, there was only a 77% correlation between predicted and 
observed chlorine residuals. In  general, the ability o f the model to predict bulk chlorine 
concentrations improved w ith the increased level o f  characterization o f  the sites o f
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consumption and pipe characteristics. Model accuracy reached 97% correlation between 
predicted and observed chlorine residuals.
Vasconcelos e t al. (1996) also incorporated a Lyonnaise des Eaux (LDE) study 
which developed an empirical expression to relate chlorine demand in the bulk phase to 
total organic carbon concentration (Equation 2-13).
kb =  a [TO C ] exp (-b/T) QEq 2-13]]
where:
[[TOC]] = total organic carbon measured in m g C /L  (range 1-3 m g/L) 
a =1.8x10® (no units, experimentally determined) 
b =  6,050 (no units, experimentally determined)
T  =  water temperature expressed as Kelvin
kb =  first-order rate constant for bulk-phase chlorine decay
The fitting parameters “a" and “b" are believed to be functions o f the organic
matter characteristics in a particular water. Therefore, these values m ust be determined
for individual waters under various water temperatures and water quality conditions.
In application o f this expression, it must also be noted that the model was developed for
water that was previously chlorinated and had TOC concentrations o f  1-3 m g C /L .
These parameters may not be applicable outside of this range. Sung e t al. (2001)
studied raw water samples from a Massachusetts reservoir and found values o f 3.5 x 10®
and 7,270 for a and b, respectively. The higher value for “a” was attributed to a  higher
organic carbon content in the raw water samples.
There are a number o f conclusions from the Vasconcelos study that are
pertinent to this research:
1. Chlorine decay can occur by a combination o f reactions within the bulk fluid, 
reactions with pipe materials, and reactions with biofilms on the pipe wall.
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2. Laboratory studies indicated tha t pipe wall reactions related to corrosion o f ferrous 
pipe consume significantly more chlorine than those related to biofilm. However, a 
mathematical expression was not developed a t the time.
3. There does not exist any established method for direct determination of chlorine 
decay kinetics due to pipe wall reactions. The current practice is to “back-fit" wall 
consumption by comparing bottle tests (that determine bulk decay) and calibrating 
the data according to field measurements (which include bulk and wall decay).
4. The chlorine decay rate due to the pipe wall demand was inversely related to the 
pipe diameter as a  proportion o f the total chlorine decay.
5. Calibration of chlorine decay models may be achieved by:
(a) using a first-order kinetic constant for bulk reactions derived from bottle 
tests
(b) using either first o r zero-order kinetics for wall reactions
(c) developing a wall kinetic constant that is inversely related to the Hazen 
Williams pipe roughness coefficient (i.e., the “C" factor).
6. Expressing chlorine decay in the bulk phase using first order kinetics relating to 
TOC, temperature, and initial chlorine concentration.
2.2 Chloramines
2.2.1 Introduction
Chloramines formed by reaction o f ammonia with chlorine was first observed in 
the early 1900's and Ottawa, Ontario, is the site o f the first known drinking water plant 
to add aqua-ammonia to their w ater supply to produce chloramines for disinfection. 
Chloramines were initially used for taste and odor control and were later found to be
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effective in controlling microbial regrowth. W orld W ar II created an ammonia 
shortage, which led to a  decline in chloramination practices (EPA 1999). W hile there is 
a relatively long history o f chloramine use, it is only in the past 20 years that 
chloramine disinfection has begun to gain favor with a larger number of utilities 
(Connell 1996). Increased use in the past several years can be attributed directly to the 
Stage 1 Disinfectant/Disinfectant By-Products (DBP) Rule that requires water systems 
to comply with trihalomethane and haleocetic acids levels (four-quarter running 
average) o f 80 ug/1 and 60 ug/L , respectively. Many systems recognized the difficulty 
o f  meeting these limits using free chlorine as a distribution system disinfectant. As a 
result, systems have switched to chloramines which has been observed to minimally 
contribute to the formation o f chlorinated organics DBP’s. To achieve these needed 
reductions, the Norfolk Utilities Departm ent converted to chloramination in October 
2000. Therefore, understanding chloramine behavior in water distribution systems is 
im portant as more systems convert to this treatment scheme.
2.2.2 Chloramine Formation and Decay
Ammonia-chlorine oxidation and reduction reactions to form chloramines are 
relatively well understood. However, the actual rate order expression is now just 
beginning to be described mathematically (Connell 1996, Cohen 1998, Valentine 1998). 
Ammonia is a  weak base, which dissolves in water to form ammonium (NH44) and 
hydroxide (Eq 2-18).
T he distribution between NH3 and NH44 is a function o f the  pH o f the solution 
with NH44 predominating below pH  9.25 a t 25°C (Snoeyink and Jenkins 1980). In the 
presence o f  dilute chlorine solutions, ammonia and chlorine combine to form inorganic
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chloramines (Valentine 1998a, 1998b, Vikesland 1998, EPA 1999). There are a series o f 
competing reactions but the stochiometry can be simplified.
NH , + H zO <-----> N H 4+ + OH~ QEq 2-18]
HOCl + N H , N H 2Cl + / / 20  (monochloramine) QEq 2-19]
HOCl + N H X l  -»  N H C U + H 20  (dichloramine) QEq 2-20]
HOCl + NHClz —» VCZ3 -F f f 20  (trichloramine) QEq 2-21]
All three o f these ammonia-chlorine compounds (i.e., chloramines) are referred to as 
combined chlorine. Combined chlorine and free available chlorine together are referred 
to as total chlorine (Connell 1996, EPA 1999).
Monochloramine is the preferred species as it is a stronger disinfectant and does 
not create taste and odor problems associated with dichloramine and trichloramine.
The speciation of the compounds depends upon factors such as pH, temperature, contact 
time, and chlorine to ammonia ratios (ClarNHs). Figure 2.2 demonstrates the speciation 
o f chloramine compounds as a function o f pH. A t pH >7, monochloramine is the 
dominant species.
c l  lOO








5 „  6pH
Fig. 2.2 Distribution Diagram for Chloramine Species w ith pH
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T o  insure the form ation o f  chloram ine, com m on practice lim its the ch lorine to
am m onia ratio to 4:1. T ab le 2.1 lists  th e  chlorine: am monia ratios in  relation to the
chloram ine speciation.
T ab le 2.1: C hloram ine Speciation as a Function o f  
Chlorine: A m m onia R atios
S p e c ie s M g  Cl«: m g  NHs
M onochloram ine 4.2
D ichloram ine 8.4
T richloram ine 12.5
In w ater distribution system s, chloram ines are believed to be less reactive than 
free chlorine, y e t they are inherently  unstable (H ao 1994, V alentine 1998a, 1998b, 
V ikesland 1998, E P A  1999). It is believed  that abiotic m onochloram ine decay occurs  
a lon g  m ultiple pathw ays. F irst, there are the decom position reactions as outlined  in Eq 
2-22 and 2-23
SNHoCl -4  No + NHs +• SCI- +  SH+ [T q  2-22J
4NH2C1 + SHaO -4  4C1* +  3NHs + NOs* +5H+ QEq 2-23J
Secondly, m onochloram ine w ill react w ith  natural organic m atter (NOM) w ith  
as m uch as 50 percent o f  the active chlorine b ecom ing  an unidentified organic product 
(Valentine 1999). Since m aintaining a chloram ine residual is necessary  to p ro tect w ater  
quality, determ in ing and understanding these decay m echanism s is very  im portant. 
A lthough  decom position m ay occur a lo n g  different reaction pathw ays, m onochloram ine  
loss has generally  been expressed  as a  second-order rate expression  (V alentine 1997, 
1998; Equations 2-24 and 2-25).
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.  - kcJ m , a f
dt  -
1 _  1 _  
[n h 2c i] [n h zc i ]0 c“ r
where:
kcsc = chloramine decay coefficient (i.e., second-order rate constant) 
QNH2CI] = monochloramine concentration a t time, t 
£NHsCr]o =  initial monochloramine concentration
QEq 2-243
CEq 2 -25 ]
This kinetic expression has been used to addresses only the bulk phase demand 
o f the water and not reactions that may occur a t the pipe wall. The bulk phase decay is 
dependent primarily upon w ater quality parameters such as pH, alkalinity, ammonia 
concentration, and temperature. Valentine (1998) developed an expression for the decay 
rate constant incorporating each o f these parameters (Eq 2-26) and found:
kesc = ^  \lcH+ + a o kfizcos ^r.co3 ■*" a i ^ hcoz C t.co3 f\rzr 1 C q^ 2-26]
where:
Q-.cos = total carbonate (inorganic carbon) concentration, M
or0,ort =  ionization fractions for H>C03 and HCOs*, respectively
a 0M =  ionization fraction for ammonium
[NH3 ]r  =  total ammonia concentration [[NHs + NH*+] , M
kH+, k H2C03, kHCQ3 =  general acid catalysis rate constants 
k3 = rate constant for the reaction between monochloramine and
hypochlorous acid
K e =equilibrium constant describing dichloramine and hypochlorous acid
equilibrium
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Skadsen (1993) and Valentine (1998) have well detailed the process o f 
nitrification that can occur in chloraminated water systems. Nitrification is a  biological 
process involving the oxidation o f  ammonia to nitrite and from nitrite to nitrate. 
Ammonia oxidizing bacteria (AOB), such as Nitrosomas, oxidize ammonia to nitrite (Eq 
2-27, Skadsen, 1993) while a  different group o f organisms, Nitrobacters, oxidize nitrite to 
nitrate.
N H ; + % 0 2 aob > N O l  +  H zO + 2 H + QEq 2- 27]
Nitrite reacts readily with monochloramine causing its consumption from water. The
stochiometry o f the reaction is such that 1 m g/L  nitrite can consume 5 m g/L
monochloramine (Skadsen 1993).
Ammonia oxidizing bacteria (AOB) are a group of slow-growing aerobic 
chemotrophic bacteria that use ammonia as an energy source and carbon dioxide as a 
carbon source (Norguera e t al. 1999). They thrive in warm waters (25 — 30°C), are 
particularly suited for living in reservoirs and dead-end mains, and are even more 
resistant to chloramines than Escherichia coli (Stewart e t al. 1997). Disinfectant 
dissipation (i.e., consumption) due to chloramine reactions with nitrite allows an 
increase in biological activity leading to increased microorganism concentrations in the 
distribution system. Consequently, elevated heterotrophic bacteria and coliform 
episodes have been reported with nitrification episodes (Stewart e t al. 1997).
2.3 Iron Reactions with Chlorine and Chloramine
There is considerable interest in chlorine reactions with organic m atter and 
pathogen inactivation. However, there are also oxidation-reduction reactions between 
iron, oxygen and chlorine-based disinfectants. Current literature provides conflicting
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observations regarding the role o f chlorine and oxygen in regards to iron corrosion. 
McNeill (2001), Snoeyink (1996), and Rossum (1987) provide considerable information 
regarding the role o f dissolved oxygen in iron corrosion chemistry. Their work 
describes iron corrosion as predicated upon the presence o f oxygen within the water.
However, Vasconcelos e t al. (1996) provides extensive field and laboratory 
analysis regarding iron corrosion. T he ir work supports the premise that chlorine 
dominates the reaction, even in the presence o f dissolved oxygen (DO). These reactions 
for chlorine and chloramine respectively are (Eq 2-28, 2-29):
2Fez* + HOCl~ 2F e* +Cl~ + O H '  jTlq 2-28]
6 FeZ¥ + 3 N H X I  -> N 2 + N H 3 + 3C /“ + 3H* + 6 F e3+ [E q 2-29]
For chlorine, the stochiometry o f the reaction equates to a 1 m g/L  free chlorine
demand for every 0.73 m g/L  o f iron in solution. For chloramine, there is a 1 m g/L
demand for every 0.75 m g/L  o f iron in solution. Consequently, there is no significant
difference between free chlorine and chloramine in regards to the amount o f disinfectant
consumed per available iron.
Vasconcelos e t al. (1996) found that chlorine predominates iron corrosion for pH
ranges o f 6.5 to 8.5 and dissolved oxygen (DO) ranges ofO to 44 mg/1. As a point o f
reference, the DO levels on the Norfolk Naval Base range between 5 to 10 m g/L . A
preliminary zero order model for chlorine decay in relation to iron corrosion was
developed in Equation 2-30.
=  6.32 x  10-T x  ^  rE q2-S 0]
dt D
where Vcor =  corrosion rate, um/yr
D= pipe diam eter, meters
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F ield  experim ents confirm ed a zero order fit but the m odel overpredicted the  
chlorine decay. It w as believed  that th e  inaccuracies w ere due to d ifficu lty in calculating  
the term , Vcor. Snoeyink (1996) has a lso  concluded that determ in ing iron release rates 
Into stagn ant and flow in g  w ater  is difficult to determ ine.
M cN eill and Edwards (2001) presented com plete literature o f  iron corrosion and 
cited  three studies docum enting  iron release during stagn ant and lo w  flow  scenarios in 
distribution system s. Therefore, for cast iron pipe, iron levels under lo w  flow s m ay be 
significant.
2.4? Biofilm  G row th
2.4?.l Biofilms and R eactions w ith  D isinfectants
Upon initial inspection, a  drink ing w ater system  appears to  be a relatively  
unlikely site  for microbial grow th . T h ere  are low  organic carbon concentrations, 
disinfectant residuals, and relatively  lo w  tem peratures (Camper 1998, 1999). H ow ever, 
th e  pipe w all has lo n g  been recognized  as an active site  for m icroorganism s and it is 
generally  recognized that biofilm s are prevalent throughout d istribution system s. 
M icrobial grow th  can be defined as th e  m ultiplication o f  organism s in th e  bulk w ater or  
attached to the pipe wall (O lsen  1997).
Biofilms resu lt from  the co lon ization  o f  interior pipe surfaces by m icroorganism s  
th at form  m icro-colonies (M cF eters 1997). Biofilms can b est be described as organic  
and inorganic surface deposits on  th e  pipe w alls con sistin g  o f  m icroorganism s (M O), 
m icrobial products, and detritus (U S E P A  1992). T h ese  m icroorganism s secrete  an 
extracellu lar polym er m aterial th at m akes them  h igh ly  resistan t to  d isinfectants such as 
chlorine and chloram ine (O 'Conner 1975, K oudjonou e t  al. 1997, R uda 1997, Stew art
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1997). Some o f the organisms found to exist in these biofilms are Enterobacter clocacae, 
Enterobacter arogenes, Pseudomaonas, Flavobacterium, Achromobacter, Proteus, Klebsiella 
pneumonia, Klebsiella oxytoca, Bacillus, Serratia, Corynebacterium, Gallionella, and 
Arthrobacter (Allen e ta l. 1980, Lee e ta l. 1980, Stewart 1997, Camper 1999,). Recently, 
researchers have also found Mycobacterium avium, a pathogen of concern to people with 
suppressed immune systems, in distribution system biofilms (Clement 1997).
Biofilms are dynamic microenvironments with processes such as metabolism, 
growth, product formation, and colony detachment (USEPA 1992). Charackalis (1988) 
extensively documented biofilm growth, regrowth, and the breakthrough phenomena 
and was able to characterize these occurrences with kinetic equations. Breakthrough, 
an increase in bacteria levels in a water distribution system as a result o f 
bacteria escaping the plant disinfection process, is important since it can supply 
microorganisms to the distribution system where they may colonize pipe walls. As 
reported by Characklis. biofilm accumulation is the result o f three processes:
1.) Transport and adsorption of cells a t the pipe wall,
2.) Cell reproduction and byproduct formation,
3.) Net detachment o f biofilm components from the pipe wall by erosion or
sloughing.
In water systems with an insufficient disinfectant concentration, excessive 
growth o f viable bacteria can occur both in solution and on the pipe wall. For these 
organisms, organic carbon is used as the biofilm's primary energy source (substrate) 
and is typically the limiting nutrient. Nitrogen and phosphorus are also principal 
nutrients and are required by heterotrophic bacteria in the ratio (C:N:P) o f 100:10:1 
(Camper 1998, 1999).
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V asconcelos e t  al. (1996) observed  a correlation relationship b etw een  total 
organic carbon (TO C ) and chlorine decay rates w ithin the bulk phase o f  th e  w ater as 
noted  previously (Equation 2-13). T h e  results o f  the V asconcelos e t al. and Charackalis 
stu d ies clearly indicate th at organic m atter in the bulk phase contributes to  chlorine  
consum ption  through d irect chem ical reaction w ith  chlorine. T h is  lo ss  o f  disinfectant 
can d irectly  im pact the control o f  biological grow th  and, indirectly, biofilm  chlorine  
decay.
Iron ox id iz in g  and sulfate reducing bacteria are som e o f  the m ost prevalent 
m icroorganism s to co lon ize pipe w alls. T h rou gh  normal m etabolic processes they  can  
cause pipe corrosion and the release o f  iron byproducts that can consum e disinfectants 
(Scholze e t  al. 1994). T h e  reduction o f  one sulfate ion can free e ig h t electrons, w hich  
then can oxid ize four iron atom s. T h is  corrosion process (Equation 2-31) can be 
depicted as follow s (O’C onner 1975):
8e- 4  10H+ 4- SO*-- —> H-iS +  4H 20
_______ 4Fe°__________________ —> 4Fe-+ 4  8e~
In turn, chlorine and chloram ine are consum ed (Equations 2-28 and 2-29) by  the  
released ferrous cations:
4Fe° 4  10H+ +  SO+-- —» 4 F e-+ 4  H 2S 4  4H 20 QEq 2-3 0
2Fez* +HOCI- -4  2 F e ^  +Cl +OH~ CEq 2- 28]]
6F e2+ 4 3 N H X l  -4  N z 4 N H 3 4 3 Cl~ 4 3 H + 4 6 F e3+ CEq 2-29]J
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2.4.2 T ubercle Form ation
T ubercle form ation is a process by w hich  corrosion o f  iron pipe results in the 
form ation o f  a rough, irregular surface that can influence the hydraulic characteristics o f  
the pipe and the disinfectant dem and. Snoeyink (1980) and Benjam in (1996) fully  
describe the tubercle form ation process com m on to cast-iron pipe. Briefly, tubercle 
form ation follow s the fo llo w in g  steps (Snoeyink 1980):
Fe-+ +  20H~—» Fe(OH)s(S) [E q  2-313
*Fe-+ + lH + +  0*2 —> 4Fe3+ + 2HeO [E q  2-321
Fe3+ +• SO H -—> Fe (OH)s(s) QEq 2-3 3 []
I f  no oxygen  is present, ferrous hydroxide w ill precipitate. In oxygenated  water, 
F e2+ is converted to Fe3+ and hydrolysis o f  F e3+ leads to the form ation o f  ferric 
hydroxide (Fe(OH)s(S)). R ossum  (1987) provides an excellen t d iscu ssion  o f  corrosion in 
cast iron pipes based on  field studies o f  corrosion deposits. T h ese  deposits included 
m agnetite (FeaO+), ferric o x id e  (FeO ), pyrite (FeaSa), and siderite (FeCO s). F igure 2.3 
provides a diagram  o f  tubercle form ation.
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F ig . 2.3: Iron T u bercle  Form ation (from  R ossum  1987)
T h e  role o f  corrosion  products is im portant in biofilm  form ation because this is 
an environm ent w hich supports and protects the m icroorganism s from  disinfectants. 
O nce th ese  tubercle grow th s are present, biofilm  colon ies w ill estab lish  them selves in 
low -flow  areas, obstructions, and dead ends. A ttachm ent sites such as tubercles are 
protected from  flow  currents. T h ese  biofilm  bacteria can then estab lish  a custom ized  
niche in  the m icrobial com m unity  (A bernathy e t  al. 1997, H oudjonou e t  al. 1997, Ruda 
1997). T able 2.2 provides a m ore com plete lis t  o f  the various iron com plexes that could  
be found in ca st iron tubercle grow th s.
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Secondly, the tubercle ou ter  layer is dense w hich retards the diffusion o f  o x y g en  
to the m etal surface. O nce the inner tubercle core becom es anoxic, facultative and 
anaerobic bacteria such as colifbrm s and sulfate-reducing bacteria can co lon ize  this area. 
T hirdly, tubercles, w hich are iron o x id e  corrosion products, can readily adsorb natural 
organic m atter (NO M ) from  w ater. N O M  w ill then accumulate on the tubercle surface  
w here heterotrophic m icroorganism s can utilize the N O M  for cell grow th  (A bernathy  
1997).
2.4.3 C hlorine and Chloram ine Effects on  Biofilms
T h e  primary goal o f  disinfection is to ( l )  inactivate m icroorganism s in the bulk  
phase o f  th e  w ater and (2) penetrate and reduce the biofilm  w here m icroorganism s live. 
T h ere has been a concerted em phasis in th e  la st ten years to better understand the  
m echanics o f  biofilm  disinfectant penetration and inactivation. T h ese  efforts have been  
directed toward both field studies and m odel developm ent. Biofilm m odels can be very  
com plex, particularly when fry in g  to characterize m ass transport for a com plex  
heterogeneous biofilm  structure (M orgenroth  2000).
H ow ever, one particular disinfectant m ay be m ore effective a t bulk phase  
inactivation than biofilm penetration. W ith  the prevalence o f  utilities sw itch in g  from  
free ch lorine to chloram ine disinfection, utilities are interested in w hich disinfectant 
m ay provide the b est pathogen barrier protection. In a U S E P A  funded research  
program , Clark and Sivaganesan (1999) characterized the effect o f  chlorine and 
chloram ine on  biofilm  form ation, u s in g  te s t  loops developed to sim ulate a  w ater system . 
T h ey  found both  chlorine and chloram ine to be effective in reducing bacterial grow th  in  
the bulk phase and biofilm. H ow ever, th eir  resu lts show ed chlorine to be m ore effective
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in m icroorganism  control in  both  the bulk  phase and biofilm . H ow ever, th e  te s t  loop  
design  o n ly  incorporated cem ent-lined cast iron.
In contrast to this finding, LeChevallier e t al. (1990, 1993) observed that 
chlorine was a better choice for bulk phase inactivation but chloramines were more 
effective a t biofilm penetration. Camper and associates (1997a, 1997b, 1998, 2000) have 
reported that monochloramine was the best choice for biofilm penetration and 
particularly effective for systems with a predominance o f uncoated ferrous pipe. 
Therefore, for older systems with established tubercle growth, chloramines are the 
preferred method for distribution disinfectant residual maintenance.
2.5 Bacteriological Testing
W ater undergoes physical, chem ical and biological changes as it  reacts w ithin  
the bulk solution as w ell as w ith  the pipe w all. T o  understand these b io logica l changes, 
it is im portant to understand w hich m icroorganism s can be present w ith in  a system . 
Therefore, biological testin g  is required such  as fecal coliform , heterotrophic plates, and  
standard plate counts.
2.5.1 Coliforms
Coliforms are a group o f bacteria comprised o f  the genera Escherichia, 
Enterobacter, and Klebsiella. They are commonly associated with the intestinal tracts 
o f warm-blooded animals and shed in their fecal m atter (Cullimore 2000). These 
organisms are defined as all aerobic and facultative anaerobic, gram-negative, non-spore 
forming, rod-shaped bacteria that ferment lactose with gas and acid formation within 48 
hours a t 95° Fahrenheit (35° Celsius) (Symons e t al 2000).
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Under the total coliform group, there is the fecal colifbrm group, which is 
dominated by Escherichia coli. As stated earlier, they thrive in the human intestine and 
are shed in high numbers w ith fecal matter. W hile many E. Coli strains are not 
harmful, their presence indicates possible fecal material pollution. This greatly 
increases the risk o f infectious microorganisms such as viruses, bacteria, and protozoa 
and worms (Cullimore 2000).
Colifbrm tests are conducted by the Membrane Filter (MF) or M ost Probable 
Number (MPN) method. Collection, handling, preparation, and analysis o f the 
membrane filter technique can be fully described in Standard Methods fo r  the Examination 
o f Water and Wastewater.
2.5.2 Heterotrophic Plate Counts
Heterotrophic Plate Counts (HPC) attempts to provide a single standardized 
method of determining the number o f live heterotrophic bacteria in water. This 
includes both aerobic and facultative anaerobic heterotrophic bacteria (Symons 2000, 
Standard Methods 1992).
While it is impossible to accurate quantify all bacteria in water, the HPC test is 
accepted as a good indicator o f the microbiological health o f the water. However, the 
agar composition and incubation temperatures tend to favor only select bacteria.
Under the Standard Methods procedure, the samples are incubated for 48 hours a t 35° 
C. At this temperature, many organisms experience temperature-shock and are not 
recovered (Cullimore 2000). Under the Standards Method, the three sample 
preparation techniques are pour plate, spread plate, and membrane filtration. (Standard 
Methods 1992).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
U nder th e  R 2A  agar procedure, the sam ples are incubated for 7 days a t 25° C. 
O nly the pour and spread plate techniques are applicable. R2 A  agar has a  lo w  nutrient 
content. W hen this agar is com bined w ith  a low  tem perature and an extended  
incubation time, it  is v ery  effective for recovery o f  stressed  and chlorine-resistant 
bacteria from  drinking w ater. T h e  low  concentration o f  yeast, casein hydrolisate, 
peptone and g lu cose  a llow s a w ide spectrum  o f  bacteria to grow  w ithout the fast 
grow in g  bacteria su pp ressin g  the s low  grow in g  species, as w ould be the case w ith  the  
Standard M ethods. T h e  starch and pyruvate a llow s the injured bacteria to grow  again  
m ore quickly. (M erck 2002).
2.5.3 Iron related Bacteria
Iron-related bacteria (IRB) ox id ize Iron as a  food source and are classified a long  
three major groupings: G allionella, Sheathed IRB and H eterotrophic IRB (Cullim ore 
2000). G allionella is th e  m ost easily  recognized  b y  its  by  lo n g  ribbon tail. As the  
bacteria extracts en ergy  from  the iron, it  deposits iron pellets in its tail. A s the tail 
grow s, it  eventually  falls o f f  and the bacteria w ill repeat the process.
Sheathed IRB g r o w  an outer envelope tube coa tin g  w here iron oxides deposited. 
T h ese  grow ths vary  b etw een  orange, brow n and black. T h e  bacteria can then  leave  
these envelopes to recolon lze elsew here. C om m on genera  are Leptothrix, Crenothrix, 
and Speaerotilus (C ullim ore 2000).
H eterotrophic IR B’s food source is organic m aterial d issolved  or  suspended in 
the water. E ven In m inute concentrations o f  organic m aterial, these bacteria can  
proliferate. T h e  can consum e iron d irectly  through  the ce ll w all and are typically  
classified accord ing to  th e ir  colors: gray, brown, black, or  red (Cullim ore 2000).
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Because IRB ox id ize  iron and incorporate it into a  structure, biofilm s can  
proliferate under these conditions. A s biofilm s becom e established , overall disinfectant 
decay w ill increase.
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3: DISTRIBUTION WATER QUALITY MODELING
3.1 G eneral
W ater  quality m odeling  has grow n  trem endously and is an im portant tool in 
understanding how  w ater undergoes physical, chem ical, and biological changes as it 
travels through  a  distribution system . T h e  use o f  com putational m odels to predict 
w ater quality behavior is w ell docum ented and includes the m od elin g  o f  w ater 
reservoirs, tow ers, and standpipes (Clark e t  al. 1988, 1991, 1996, G raym an e t  al. 1993, 
K ennedy e t  al 1993, B oulos e t  al. 1996, 1997, M au 1995, O rm sbee 1997, W alski 1995, 
W u 1994). Phenom ena such as reservoir short-circuiting and tank turnover can also  
now  be m odeled in  an effort to  evaluate m ix in g  and stagnation  zones.
Several com putational elem ents for water quality m odeling  have been developed  
and applied to w ater distribution system s (Clark e t al. 1994, 1998, E lton  e t  al. 1995, 
Rossm an 1993, 1999). O ne m odel, E P A N E T , is a public dom ain com puter software 
program  developed  for m od elin g  th e  hydraulic and w ater quality  aspects o f  water  
m ovem ent in a pressurized w ater distribution system . M ost w ater program s functions 
can be broken dow n  into tw o categories, hydraulic and w ater q uality  (V asconcelos 1997, 
R ossm an 1994). T h e  first category, hydraulic com putations, includes flow  in each pipe, 
pressure a t each pipe junction , and h eight o f  w ater at each w ater  reservoir. T h e  second  
category, w ater quality, includes th e  concentration o f  a substance in  th e  w ater as it  
degrades or  is generated, w ater age  and w ater source identification, chem ical reactions 
in the bulk flow  o f  the water, chem ical reactions a lon g  the pipe w a ll (fixed biomass), and  
m ass transport betw een th e  bulk  flow  and the pipe w all.
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3.2 Hydraulic Components
For water quality modeling purposes, a distribution system is characterized as a 
configuration o f links (pipes) connected a t their endpoints, or as they are commonly 
referred, nodes. Diagramming the water system to its simplest form is called 
“skeletonizing" and consists of neglecting pipes less than six-inches in diameter. For 
the solution o f the hydraulic model, the Hazen-Williams, Darcy-Weisbach, o r the 
Chezy-Manning equations can be used to solve the network. For this study, the Hazen- 
Williams equation was used due to the availability o f C-factor values for the distribution 
system study site.
3.3 W ater Quality Computations
The water quality module uses the calculated flows from the hydraulic 
simulation as input for modeling convective transport o f  constituents o f interest. The 
fate o f any constituent in the distribution system is characterized through the 
conservation o f mass equation incorporating reaction terms for its production or 
decomposition (Equation 3-1)
where symbols “i" and “j ” denote the connecting nodes
cjj =  concentration o f  substance in link i,j
Xij =  distance along link i j
qij =  volumetric flow rate in link i,j
A ij = cross sectional area o f link i,j
0 (c y )  =  rate o f reaction o f the constituent of interest within the link i j
QEq 3-11
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T h is equation is so lved  w ith  a know n initial condition a t tim e =  0  and at the b eg inn ing
o f  the pipe link, node “i,” w here Xij =  0 . A ssum in g  com plete m ix in g  a t the nodes, the 
fo llow in g  equation w hich  describes constituent concentrations can be applied.
w here sym bols "k” and “i" denote th e  con n ectin g  links
Lki =  len gth  o f  link  k,i
qki =  volum etric flow  rate in link  k,i
Q,i =  source’s flow  rate (total flow  into system  model)
Mi =  m ass flux introduced by any external source at node “i"
Equations 3-1 and 3-2 jo in  to form  a coupled se t  o f  differential and algebraic 
equations for all links w ith in  the m odel. T h e  solu tion  algorithm , know n as D iscrete  
Volum e E lem ent M ethod  (D V E M ) (Clark e t  al. 1993, 1998, Rossm an e t  al 1993, 1994), 
is a m ass balance so lu tion  that accounts for kinetics and advective transport assum ing  
plug flow  (no dispersion conditions). T h e  constituent (in this study, chlorine or  
chloram ine) m ass is assigned to  d iscrete volum e elem en ts w ithin th e  pipe. R eactions 
occur w ith in  each e lem en t and the constituent m ass is then advected to the n ex t  
elem en t o f  the pipe. A t  individual nodes, m ass and flow  volum es are com pletely  m ixed. 
A t each transport step , the resu ltin g  constituent concentration is recalculated and 
released to the n ex t segm en t o f  pipe.
A s discussed in  Chapter 2, reactions can occur in  the bulk phase a n d /o r  a lon g  
the pipe w all. T h e  transport o f  ch lorine/ch loram ine to the pipe w all can be expressed  
by a  film  resistance m odel o f  m ass transfer u sin g  m ass transfer coefficients applicable to
k CEq 3-2]
k
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the flow regime within the pipe (Rossman 1993, 1994). Assuming first-order kinetics, 
the following conservation o f mass equation can be developed: 
dc dc , kf  / \_  =  - K c -  — ( c - c . )  t E q S - 5 ]
where c =  disinfectant concentration in bulk flow o f pipe 
t  =  time
u =  flow velocity in pipe
x = distance along pipe
kb = first order bulk reaction rate constant
kr= mass transfer coefficient between bulk phase and the pipe wall
Rh =  hydraulic radius o f pipe
cw = substance concentration a t the wall
T h e left-side term  represents the rate change o f  the disinfectant w ith in  the pipe. 
T h e  first term  on the r igh t hand side (RHS) o f  the equation represents the advective 
flux o f  the disinfectant through th e  pipe. D ispersive flux  is assum ed to be negligib le  
w hich m ay n o t be a valid assum ption. T h e  second  term  o n  the R H S represents first- 
order d isinfectant decay w ithin  th e  bulk flow . T h e  last term  on  th e  RH S represents the  
transport o f  the disinfectant to the pipe w all.
T h e  term  "cw” is a term  that can n ot be d irectly  m easured and can be considered  
m ore o f  a  m odel param eter than an actual concentration a t a specific location. It is 
developed through fittin g  procedures and is used to characterize a concentration  
gradient for diffusion into  the b iofilm  w all. M o d elin g  th a t incorporates a “w all demand" 
com ponent generally  assum es:
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(1) the rate o f reaction a t the wall is first order w ith respect to cw
(2) the reaction proceeds a t the same rate as material is transported to the wall, i.e., no 
accumulation occurs.
Under steady-state conditions, Equation 3-3 can be reduced to
W here K =  overall first-order decay rate constant, l / T  
kb = first order bulk decay rate constant, l / T  
c = substance concentration in bulk flow, mass un it/L 3 
kr=  mass transfer coefficient between bulk phase and the pipe wall, L /T  
Rh = hydraulic radius o f pipe (pipe radius/2), L 
Cw =  substance concentration at the w all, mass un it/L 3
Assuming that the transport o f  chlorine to the wall equals the chlorine consumption 
attributed to the pipe wall, the mass balance equation can be described as below:
Kc =  -k bc - QEq3-4]
k f { c - c J  = k « Cw QEq 3-5]
kw = wall reaction rate constant, L /T  
By solving for “cw" directly:
QEq 3-6]
Plug this term  into the original Equation 3-4, which yields




k . + k r ,
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CEq 3-711
D iv id in g  through by “c,” the overall decay rate “K” is then
CEq 3-8^
T h e  term , K, is used to characterize th e  total d isinfectant decay (Edwards e t  al. 
1974, R ossm an e t  al. 1994). T h e term , kr, is a  m ass transfer coefficient which is a 
function o f  pipe diameter, flow  velocity  and tem perature. T h is  term  w ill be explained  
and developed fu lly  in Section 4. T h e param eter kr, expressed  in dim ensions o f  L /T , is 
a m ass transfer coefficient determ ined u sin g  the Sherw ood num ber (Clark 1988, 1993, 
R ossm an 1994).
T h ere are tw o decay rate constants and a m ass transfer coefficient used to 
characterize constituent transport and transform ation in a w ater distribution system . 
T h ese  term s are kb (bulk rate constant), kw (w all rate constant), and kr (m ass transfer  
coefficient). A ll term s need to be quantified to m odel a reactive constituent in a 
distribution system . T h e  values for kb and kw are em pirically determ ined from  bottle  
and field  tests, respectively. F igure 3.1 dem onstrates these interactions and various 
decay functions occurring  w ith in  a  w ater distribution sy stem
S h D
QEq 3-9]
w here D  =  m olecular d iffusivity o f  chlorine , L - /T  
d =  pipe diam eter, L
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Pipe Wall
Disinfectant penetrates through Boundary 
Layer via Mass Transfer Coefficient (Kf)
Bulk Phase Decay (Kb) 
in Solution
Boundary Layer ---- ^
Flow Direction
-2 .ts ~







Pipe Wall (Biofflm) Demand, K w  1
Ongoing Transport and Bulk Reactions
Advective Transport carries Bulk Flow o f Disinfectant to Pipe Wall 
Bulk Decay (Kb) occurs in Solution
Disinfectant Penetrates through the Boundary Layer via 
Mass Transfer Coefficient (Kf)
Wall Demand (Kw) consumes Disinfectant after Transport 
through Boundary Layer
* Steady State Condition signifies that no accumulation o f 
Disinfectant occurs at Pipe wall interface
F ig . S .l:  M ass T ransfer M echanism s O ccurring in the P ipe F low
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4: MASS TRANSFER IN PIPES
4.1 Introduction to M ass T ransfer
T h e  law s o f  m ass transfer can be used describe the transport of disinfectant from  
the bulk  fluid to the pipe w all. Therefore, an understanding o f m ass transfer is needed  
to correctly  apply basic transport equations describ ing  disinfectant transport. M ass 
transfer analysis is derived from  the kinetic theory o f gases and liquids and can be 
described as “particles” (m olecules) of a g iven  species m o v in g  through a m edium  as a 
resu lt of a concentration gradient of that species" (W hite 1998).
T h is  m ovem ent is analogous to the flow  o f  heat from  an area o f  h igh  tem perature  
to lo w  tem perature (W h ite  1988) and is m anifest in m any o f  the standard m ass transfer  
kinetic expressions that have been derived from  heat transfer equations. Both heat and 
m ass transfer equations use d im ensionless fluid and gas param eters w hich lend  
them selves to both fields.
M ass transfer invo lves a basic understanding o f th e  boundary layer theory. In the  
early  1900’s, Prandtl developed the boundary layer theory  to explain the effects of 
viscous friction on fluid m otion . He introduced the con cep t that under flow  conditions, 
viscous effects are concentrated in a thin layer of fluid n e x t  to  solid  boundaries. T h is  
viscous friction explained  the tendency of fluid particles to  decrease in velocity  a long  
the so lid  boundary. T herefore, th e  boundary layer is the reg ion  adjacent to  a so lid  
surface w here th e  fluid ve lo c ity  decreases in resp onse to th e  shear resistance o f th e  solid  
surface (R oberson 1980). T h e  boundary layer th eory  has becom e a  fundam ental 
concept to the understanding of fluid dynam ics. In m ass transfer, a constituent in bulk  
so lu tion  m ust diffuse across th is boundary layer to reach th e  pipe w all. T h is diffusion is
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generally accounted for in the calculation o f the Sherwood number, Sh, which is 
discussed in a subsequent section.
In the case o f water distribution systems, water with a  disinfectant residual (Le., 
chlorine o r chloramine) will flow past the interior surface o f the pipe. The pipe wall 
biofilm will exert a  disinfectant demand establishing a concentration gradient between 
the bulk fluid and the pipe wall. Under these conditions, the disinfectant will diffuse 
across the pipe wall boundary layer and become consumed by the biofilm. As additional 
water continues to flow across the wall, more chlorine is transported and consumed by 
the biofilm. This phenomenon is termed convective mass transfer (Edwards 1976, 
W hite 1988). In the case o f water systems, convective mass transfer is mass diffusion 
from the flowing fluid to the pipe wall.
In the most general o f terms, it can be seen that the disinfectant consumption 
attributed to the pipe wall biofilm activity will Increase with an increase in water 
velocity. This increase occurs primarily due to the inverse relationship between 
velocity and the boundary layer thickness. Over the past several years, standard mass 
transfer equations have been utilized to describe this disinfectant transport for laminar 
and turbulent flow regimes. These transfer rates are also influenced by many 
parameters such as biofilm colony characteristics, water quality parameters, pipe size, 
and pipe material. A discussion of the influence o f these factors is provided in 
subsequent sections.
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4.2 Dimensionless Flow Parameters
There are many dimensionless parameters used in the field o f mass transfer that
a fluid. The parameters that are relevant to mass transport in pipe systems are 
described below.
The Reynolds number (Re) is a characteristic o f flow, which is a measure o f inertial 
forces to viscous forces. The Reynolds number is used for determining whether a flow 
is laminar or turbulent.
where d =  pipe diameter, L
V = velocity, L /T
v =  kinematic viscosity (viscosity/density), L -/T
In general, Re values less than 2000 indicate laminar flow while Re values above 
4000 indicate turbulent flow. Values between these ranges are termed transition zones 
(Caesario 1995). In laminar flow, the particles move in definite and observable paths. 
Conversely, turbulent flow represents the irregular motion o f particles and is 
characterized by velocity fluctuations throughout the flow field.
Figure 4.1 is a Moody diagram, which depicts the various flow regimes relative to 
Reynolds number and the Darcy-Weisbach friction factor, f. The friction factor, £ is a 
dimensionless term  that is function o f the Reynolds number. The Darcy Weisbach 
equation for head loss can be expressed as:
are used to relate fluid flow and mixing conditions to the transport o f  substance within
4 - o
QEq 4-23
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w here
f  =  friction factor  
L  =  length , L  
D  =  Diam eter, L  
V  =  V elocity, L /T  
G  =  acceleration due to grav ity
In general, the D arcy-W eisbach equation is m ore w idely used in academ ic circles than 
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T h e  Schm idt number, Sc, is another d im ensionless param eter used in m ass 
transfer. T h e  Schm idt num ber g ives th e  ratio o f  the m om entum  diffusivity o f  th e  fluid
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with respect to the diffusivity o f  the constituent being studied (Hines e t al. 1985). In
physical terms, it is a  measure o f how rapidly a chemical constituent can diffuse through
a fluid medium. I t is defined as:
S c = v l  D  QEq 4-3]]
where v = kinematic viscosity o f  water, L2/ T
D =  molecular diffusivity o f the constituent o f interest, L -/T
In terms o f mass transfer, a higher Sc value increases overall transport and a lower
value decreases transport. For chlorine in water a t 20° C, a typical Sc value can be
calculated as follows:
v  =  1.1 x  10'5 ft-/sec 
D  = 1.3 x 10*8 f t - /sec 
Sc= v /D  = 8.5 x 10-
Molecular diffusivity varies linearly with absolute temperature (K) so there is no
significant variation for seasonal water temperature fluctuations.
Finally, the Sherwood number (Sh) is used to describe the mass transfer between
the two phases. In our case, this refers to the bulk phase of the liquid and the pipe wall.
I t  is defined as (Edwards 1976, W hite 1988)
CEq M U
where hm =  mass transfer coefficient across boundary layer, L /T  
L =  length o f surface, L 
D =  molecular diffusivity o f chlorine, Ls/T
In terms o f mass transfer to the pipe wall, a higher Sh value increases transport
through the bulk phase and a lower value decreases transport. The Sherwood number
is a function o f  Re, Sc and the pipe geometry (W hite 1988). The actual formulas to
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calculate Sh can vary depending upon the boundary layer equations, the Sc values 
range, the Re values range, and whether friction factors are considered. Kakac e t al. 
(1987) cited 32 separate equations for calculating Sh values under turbulent flow 
conditions. In distribution system water quality models that describe disinfectant 
decay, the most widely accepted set o f  equations to calculate the Sherwood number are 
shown below (Edwards 1976).
For turbulent flow (Re>2300), the Lenton-Sherwood equation (Edwards 1976, 
Kakac et al. 1987) is frequently used where:
Sh =  0.023Re0'83 Scom fo r  Re > 2300 CEq 4-5]
Eq 4-5 is used in the original versions o f EPANET. In the EPANET 2 version, the 
program has been changed expanded to also incorporate the Notter-Sleicher equation 
(Rossman 1999) where:
Sh =  0.0149 Re0 88 5c0 333 fo r  Re >  2300 QE9 * * 1
Under laminar flow conditions, the most frequently used equation is the Hausen 
equation (Eckert 1972, Edwards 1976, W hite 1986, Kakac e t al. 1987) where:
0.0668 id  /  L )R e Sc _ _
Sh =3.65 h-------------\  t t t t t  f o r  Ee < 2300 n ^ l  *-711+0.04 [(dfL)  Re Sc] 0S7 u h  j
where Sh =  Sherwood Number 
Re = Reynolds Number 
Sc =  Schmidt Number 
d =  pipe diameter, L
L =  pipe length, L ( measured as the distance between nodes in the 
skeletonized model)
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where Nur =  Nusselt number for rough pipe 
Nils =  Nusselt number for smooth pipe 
fr =  friction coefficient for rough pipe 
f5 =  friction coefficient for smooth pipe 
n =  correction factor, usually a value o f 1
Equation 4-9 can useful when attem pting to quantify the mass transfer
coefficient, Sh when a friction factor can be established from hydraulic studies.
■4.3.2 Gnielinksi Equation
As stated previously, heat transfer equations can be applied to mass transfer 
applications. Kakac et al. (1987) details over 30 separate heat transfer expressions for 
calculating the Nusselt number (Nu). O f particular interest is the Gnielinski equation 
which uses a friction factor to calculate the Nusselt number.
where fr=  Fanning friction factor 
Re =  Reynolds number 
Pr =  Prandtl number
I f  a mass transfer problem has the same geometry, flow pattern, and boundary 
conditions as a heat transfer problem, the heat transfer expressions can be equated to 
mass transfer expressions by substituting the appropriate dimensionless parameters 
(W h ite  1988). The Prandtl number (Pr) and the Schmidt number (Sc) are analogous 
terms and can be readily interchanged. Likewise, the Nusselt number (Nu) may be 
substituted w ith the Sherwood number (Sh). These change o f terms yields an 
expression for calculating the Sherwood number (Sh):
for Re>2300
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[f f  /  2) (Re— IOOO) Sc
Sh = ----------— 7-------rrj-j— — -----   for Re>2S00 QEq 4 -10 ]
1 + 12 .7  ( f f  I 2 f  (5c — l)  U J
The Fanning friction factor can be correlated to the friction factor used in the 
Darcy-Weisbach equation (Kakac et al. 1987). I t  is defined as:
f f = f Dw t 4 CEq 4-113
where fbw =  D arcy- Weisbach friction factor 
For hydraulic calculations in w ater distribution systems, many engineers use the 
Hazen-W illiam s constant, C, to calculate head losses related to pipe roughness. C - 
factor data for most water systems is available or can be obtained through hydrant 
testing; no physical examination o f the interior pipe surface is required. By setting 
equal the head loss predicted by Darcy-Weisbach (Equation 4-2) and Hazen-W illiam s, 
the follow ing equation is developed (W alski 1984, 1988):
17.25
~ f DW° ~  (Vd) 0 081
where V  =  velocity, L /T
d =  pipe diameter, L
The Hazen-W illiam s C - factor can also be equated to surface roughness (e /d ) as
seen w ith the von Karmon equation which is applicable for turbulent flow  (W alski
1988):
C =  [ 14.6 -  25.6 log { e l d )  ] 108 QEq 4-13]
where e= roughness height, L  
d =  pipe diameter, L
CEq 4-12]
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
F o r all ranges o f flow (laminar, transition, and turbulent), the Swaimee-Jain 
formula (Equation 4-14-) also can be used (W alski 1988) to characterize surface 
roughness using the Darcy-W eisbach friction factor:
P art o f this research examines whether the Hazen-W illiam s C-factor 
can be correlated to the Sherwood number. This is meaningful because the Sherwood 
number has a linear relationship w ith the mass transfer coefficient, kf, which w ill be 
explained in the following section.
4.4 Characterizing the Pipe W all Mass Transfer Coefficient, lq
There are two decay rate constants and a mass transfer coefficient used to
characterize constituent transport and transformation in a water distribution system.
These terms, kb (bulk rate constant), kw (w all rate constant), and kr (mass transfer
coefficient), all need to be quantified to model a reactive constituent in a distribution
system. The values for kb and kw are em pirically determined from bottle and field tests,
respectively. The parameter k f, expressed in dimensions o f L /T  is a mass transfer
coefficient determined using the Sherwood number (C lark 1988, 1993, Rossman 1994;).
Figure 4.2 demonstrates these interactions between the bulk fluid and the pipe wall.
0.25
[Tiq 4-143
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
Pipe Wall
Disinfectant penetrates through Boundary 
Layer via Mass Transfer Coefficient (Kf) -
Bulk Phase Decay (Kb) /  |-------*N'n>




Pipe Wall (Biofilm) Demand. Kw
Ongoing Transport and Bulk Reactions
Advective Transport carries Bulk Flow of Disinfectant to Pipe Wall 
Bulk Decay (Kb) occurs in Solution
Disinfectant Penetrates through the Boundary Layer via 
Mass Transfer Coefficient (Kf)
Wall Demand (Kw) consumes Disinfectant after Transport 
through Boundary Layer
* Steady State Condition signifies that no accumulation of 
Disinfectant occurs at Pipe wall interface
Fig. 4.2: Disinfectant Interactions between Bulk Phase and Pipe W all
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The term, kr, can be expressed as Equation 4-15:
kf  QEq 4-153
where D  =  molecular diffusivity o f chlorine , L - /T  
d =  pipe diameter, L
As discussed previously, there has been much emphasis on accurately
determ ining the Sherwood number. As a result, some o f the more common equations
for calculating the Sherwood number are (Edwards 1976, W hite 1986, Kakac et al.
1987):
Sh =  0.023 Re0'83 Sc0333 f o r  Re > 2300 QEq 4-4]
Sh =  0.0149 Re0'88 Sc03*  f o r  Re >  2300 QEq 4 -5 3
. .  .  0.0668 id f t )  Re Sc .  „
Sh =3.65 H--------------------- ------------v---■ fo r  Re < 2 3 0 0  QEq 4-6]]
1+0.04  [(d /L )R e S c ]057 J L H  J
[ f r /  2) (Re— IOOO) Sc
Sh = — -  /  i— ' -r / o r Re > 2300 QEq 4-91
1 +  12.7 ( / / 2 ) 0-5 (5c0667 - l )
As discussed in the previous section, the overall (bulk +  w all demand) decay 
coefficient is calculated as follows (Rossman 1994).
K - k ‘ + T ^ ]  ^
T o  determine an explicit expression for kw, the equation is rearranged to provide an 
equation containing parameters on the RHS o f the equation that can be measured or 
solved.
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« » ( * - * » )  K  
kf  K + k f
Let P =  LHS o f equation
kw+kf
Pkw + Pkf  =  kw rearranging yields Pkw +  Pkf  —kw =  0
( P —l)  kw =  —Pkf  rearranging yields ( l — P ) k w =  Pkf
Pkf
kw =  - —— substitute “P" term  back into the equation
kw =  k R- R ^ [ K - k ^\ rearranging yields
k f
RH( K - k b) k r
As can be seen in this equation, kw is a function o f flow rate since kf directly 
relates to the flow regime (e.g., Equation 4-15). By plotting kf (Equations 4-4, 4-6) 
versus flow for different pipe diameters, pipe lengths and flows, one can see a variation 
in the krterm  w ith respect to flow  rate. There is a particularly dramatic change when 
flow transitions between lam inar and turbulent flow range (Figure 4.3).












Laminar f  Turbulent
__ 1 --------------
*6 inch
2 * 6  
Flow (gpm)
10
Fig. 4.3 kr values for a 6-inch pipe as function o f flow rate
As shown in Figure 4.3, the calculated kr coefficient value increases substantially 
when flow transitions between lam inar and turbulent flow. Sherwood numbers 
calculated under lam inar flow  conditions are not likely to be applicable to many rough 
pipes such as cast iron water pipes that are heavily tubercled. Differences in internal 
roughness and wall geometry likely w ill shift the point where turbulent flow  occurs. 
Consequently, it  is critically im portant to understand the relationship between pipe wall 
roughness characteristics, flow regime, and kf. Field tests o f chlorine decay in cast iron 
pipes have indicated that the transfer coefficient, kr, does not adequately reflect the 
chlorine demand exerted by the pipe w all as calculated based on smooth w all conditions. 
This provides evidence that there may be for better methods o f determ ining kr.
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4.5 Effects o f Diffusion under Advective Transport
Under quiescent (i.e., no flow) conditions, chlorine moves within water as a 
result o f molecular diffusion. W hen w ater movement occurs under either laminar o r 
turbulent conditions, it is termed dispersion (Weber 1996). In terms o f mass transfer, 
existing models rely on advection to be the mode of transport to the pipe wall (Lee 
1999, Vasconcelos 1997, W eber 1996). T he effects o f diffusion from bulk solution to the 
pipe wall are relatively negligible due to the low diffusivity constant o f chlorine. 
However, there are models that incorporate diffusion into the transport model. M ost 
notably, Biswas et al. (1993) developed a two-dimensional model for chlorine transport 
in a single pipe. In their model, the chlorine concentration was be calculated as:
C(X.R)  = 2 £  “ P t - K  CEq 1-16]
where Aq describes radial diffusion QEq 4-171
r0' U
kb LA, = —— characterizes bulk decay QEq 4-181
Ic r
Az =  accounts for wall consumption QEq 4-19]
X  =  dimensionless axial location (relative to pipe length L)
r  = dimensionless radial location (relative to pipe radius r0)
C  = dimensionless chlorine concentration (relative to initial concentration Co)
Jo, Ji = Bessel functions o f  the first kind o f order zero and one, respectively
A„’s = roots o f K J M n )  = Ai J o {K)
L  =  length o f the pipe, L
r0 =  radius o f the pipe, L
U  =  average axial velocity, L /T
D =  diffusivity o f chlorine in water, L - /T
kb =  bulk reaction rate constant, T *1
kw =  wall consumption rate, L /T
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This model, as developed for use under lam inar flow  conditions, can be used to calculate 
the average concentration (Equation 4-20).
c „ , W  » £  A2 + ^ 2 1 e*p [ -  { a  +  4 ; A, }*  ] CEq +-i>o]
where X  is a relative axial distance in the pipe. W hen X  =  1, Equation 4-20 can be
simplified (Equation 4-21).
_  cxp (- A ,) r E a + ^ l l
c "* (l + e) CEq^-O
£ =  2.4416 Ao A . - 0 .1 5 5 9 /4 ^  /o r  0.01 <  A, < 10  QEq 4 -22 ]
e  =  10.105/4,5 +0.0014/4. + 0 .3 1 A^A, fo r  10 <  A . <  100 QEq 4-23]
A more complete explanation is provided in Biswas et al. (1993) and Vasconcelos
(1997).
4.6 Development o f Diffusion Model under Zero Flow
4.6.1 Assumptions and In itia l Conditions
M ost models rely on an advective transport computation for the transfer o f 
chlorine to the pipe w all (Lee 1999, Rossman 2000 ). Under stagnant conditions, no 
transport is calculated in the model. The research conducted here showed significandy 
higher disinfectant decay rates in dead end areas o f the distribution system than could 
be accounted for by bulk decay alone. This signified that transport by diffusion could be 
significant to support the high rate o f decomposition at the w all. Therefore, a diffusion 
model was developed to determine the effects o f diffusion in dead end pipes. The  
following assumptions were made for the in itia l conditions:
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1. No flow in pipe
2 . No advective o r dispersive transport
3. Diffusion is the only transport mechanisms
4. Bulk decay neglected
5. Disinfectant concentration is spatially homogenous in the radial and axial 
direction
Assuming no flow in the pipe, the radial diffusion may be expressed according to the 
following partial differential equation (Equation 4-24) expressed in radial coordinates 
(Carslaw 1959, Powers 1979, W eber 1996, Rossman 2000 ).
d C  _ D  3 






r  = radial distance (centerline is r  = 0 )
C =  concentration in bulk phase (mg/L)
D = molecular diffusivity o f chlorine/chloramine, 1.3 x 10_8 ft-/seco r 1.1 x 10-3 
ft-/d
kb = bulk decay coefficient, l / d
To solve this problem, the following boundary and initial conditions must be set:
C (0 , t) is finite a t t  >  0  which signifies the initial chlorine concentration is a set value.
C (R , t) =  0  a t t>  O which signifies there is no chlorine accumulation on the wall. 
For the initial conditions, C(r, 0 ) =  C0 for 0  <  r  <  R  which means the initial chlorine 
concentration is homogeneous through the bulk solution.
To better examine the effects o f  diffusion, we will neglect the bulk decay portion. 
In  this diffusion problem, the disinfectant concentration, C, is independent o f  9 and z as 
defined in Figure 4.4.
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Model Terms
0  = in terio r angle within pipe 
r  =  in terio r radius measurem ent from  
origin 
R  = radius
Z = distance along pipe
Fig. 4.4: Cylindrical Coordinates for Diffusion in Pipes
The concentration, C, becomes a function o f “r" only and varies with time. 
Because bulk decay is neglected, Equation 4-24 can be rewritten (Equation 4-25):
For cylindrical coordinate systems, Bessel functions are frequently used. A Bessel
is affixed to a stationary point (W assenaer 2002).
Jo (x) and Ji (x) compare with the functions o f  cos (x) and sin (x) respectively 
from the Cartesian coordinate system. The term “x" is can be any number. Referring to 
Figure 4.5, Jo follows the same pattern as a cosine function while Ji, J>, J3, and J+ follow
CEq 4-253
function o f the first kind with an order o f 0  can occur when a line is waved and one side
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a sine wave pattern. These Bessel functions naturally decay so the amplitude o f the 
wave diminishes a function o f x.
y.ttt




Fig . 4.5: Bessel Functions o f the F irst Kind
From  Figure 4.5, it can be seen that Jo has an infinite number o f zero values just like cos 
(x). The zeros are well known (X i, X>, A.3,...Xn), but the spacing is not constant like 
trigonometric functions. U nlike trigonom etric functions, the period is not constant but 
approaches 7t as x increases. A  well-known solution to the Equation 4-25 is:
C (r ' = A J a (^r ) e £Eq 4_263
4.6 .2  Solution to the Bessel Function
Determ ining a solution to Equation 4-25 requires the use o f some basic calculus and 
Bessel identities (Abramowtiz 1975) starting w ith Equation 4-27:
- r ^ oax
The following values can be substituted:
CEq 4-273
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k =  1 but can be any number 
x =  X r where X =  any m ultiple 
By using the chain rule. Equation 4-27 can be rewritten:
57
— / 0 (kr) = - k J x(kr) 
dr
Another Bessel identity can be stated as: 
d
dx
x k J t {x) =  x k / * _ ,( * )
Using the new values for “x ’ and “k”, yields
J x{Ar)] =  7 7 k  W1 = A x/0(x) =  /l2r 7 0(/lr) 




By employing the Bessel identity (Equation 4-28), Equation 4-26 can be rewritten: 
C{r,t)  =  A J 0 {Ar) e~-k t












=  — A —— [A r/t (Ar)]e~kt — —A r J 0 (Ar)e~kt . I f  both sides are m ultiplied by
or
the molecular diffusivity constant D, Equation 4-25 can be expressed as:
D  d
r  d r
dC
dr
=  - A D A r J 0 (Ar)e - k t
-nu - - , it - - d C  D  dThe original Equation 4-24 is —— =  — ——




- By setting Equation 4-24 equal to
Equation 4-32, the following solution can be found:
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^ -  =  - A D A 2 J Q (Ar)e ~k‘ QEq 4 -33 ]
ot
To simplify this expression, let k  =  DX2. The separation constant needs to be greater 
than zero. The X2 value insures th a t 'k ” will be a positive value. 
dC
—  = —A k J 0 (Ar)e ~kl QEq 4-34]
Integrating Equation 4-34 yields:
C{r,t)  = A J a{Ar)e~DiZ ' QEq 4-35]
which is a standard solution o f a pde for any X (i.e., where Jo or J i  equal zero).
Looking again at the boundary conditions, it is seen that:
•  A t r  = 0 , the concentration C (0 , t) is finite. Because “C” is finite, there is only one 
Bessel function solution where Jo (0 ) = 1. The general solution has the form
C (r) = AJ0 (Ar) 4  BY0 (Ar) QEq 4-36]
Because Y0 (0) is not finite, this term  is not used.
•  A t r  = R, the concentration C (R, t) equal zero. By substituting in A  =  — ,
R
Equation 4-35 can be rewritten as
\  ~D^ C
K e rZ QEq 4-37]
which is a solution for n =  1, 2 , 3 ... which yields
C (r,l) =  S A , ^ 0
n=l
K -
n  - D i r tr  ' ------e R QEq 4-38]
This equation satisfies a ll the boundary conditions. Applying the in itia l conditions.
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r
0 < r < RC(r,0) = ^ A , J a
n = \
Bessel functions have some well-known identities:
R
J r J Q A„—  J n A_ —  dr  = 0
QEq 4-393
K  0 r* mu
,  R > QEq 4-403
f  _  A
j  r J a '- dr=^R! Vr(/iJ
ft \ K I z.
1 -■> ^
V - n )
QEq 4-413
The right hand side o f Eq 4-41 is dependent on C (R, t) =  0. Equation 4-38 can be 
rearranged to solve for A„:
Ca = % A , J , r  K  —n R
0 < r < R QEq 4-423
can be rearranged as: 
C„
A„ =■
n = l V n R J
QEq 4-423
By using Equations 4-40 and 4-41, the standard Fourier series techniques show that 
Equation 4-43 can be expressed as:
2  }
A '  -  { r C ° /c
2C 0 R 1
r Xn—
"*-0 n  r (X 2C 0 _
R ' J t M K  A n )
r - J ; U M  R




- D i r t
QEq 4-453
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Equation 4-45 is the finite solution for the chlorine concentration a t any r  and t  
for a pipe under no flow conditions. The numerical solution will be presented in Section 
7.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
Section 5 : MATERIAL AND METHODS
5.1 Introduction
This research was conducted to better assess the role o f the distribution system 
in chlorine/chloram ine decay. The main objective was to understand and predict the 
behavior o f disinfectant residuals in a distribution system by accurately describing both 
the transport and the biochemical reactions that occur w ithin the system. This was 
accomplishing by:
•  exam ining the existing mass transfer expressions depicting disinfectant decay 
attributed to pipe walls
•  exam ining the practicality o f developing dimensionless flow parameters in relation 
to pipe geometry
•  investigating, identifying, and quantifying other disinfectant decay sinks not 
norm ally identified in mass transfer such as diffusion, iron release from the pipe 
w all, and heterotrophic microorganism shedding from  the pipe wall
5.2 Geographic Study Areas
5.2.1 Norfolk Naval Base
The Norfolk Naval Base water system is maintained by the Navy Public Works 
Center, Utilities Department. This system serves a population o f  40,000 customers. In  
terms o f  customer base, this system ranks within the top 10% of w ater systems within 
the state o f Virginia (Anderson 2 00 1 ). Average daily consumption for Fiscal Year (FY) 
2001  was 2.96 million gallons per day (M G D ) compared to FY-90 with 7.55 M G D . 
While there is a distinct benefit o f reduced water consumption, w ater quality is
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ID
Figure 5.2: Skeletonized M ap o f W ater System
The Naval Base purchases treated water from the city o f Norfolk. W ater enters 
through (13) master meters located throughout the Base. No further treatm ent o r 
booster disinfection is performed. The Naval Base is termed a consecutive water system 
and as such is classified as a Class 5 water works system w ith the V irg in ia Department 
o f Health.
Data collected in this study covers the years 1999 through 2 0 0 2 . In  anticipation 
o f the reduced allowable lim its on trihalomethanes and haleocetic acids (HAA5),
N orfolk U tilities converted their two treatm ent plants from free chlorine disinfection to 
chloramines in October 2000. Therefore, the data collection covers both types o f 
secondary disinfection.
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5.2.2 Norfolk W ater System
The city o f Norfolk owns and operates two surface w ater treatment plants. 
N orfolk owns twelve surface water lakes and four groundwater wells. The predominant 
supply o f water for the Norfolk Naval Base is the 37th Street water treatment plant 
located approximately ten km from the Norfolk Naval Base. In  accordance w ith  EPA  
requirements for Consumer Confidence Reports (CCR), w ater quality has been 
tabulated by the city o f Norfolk and is detailed in Tables 5.1, 5.2, 5.3 and 5.4 (Norfolk  
2001 ).
Table 5.1 : Regulated Substances, Norfolk Finished Drinking W ater
Substance Units Range Ave Max
1,2-Dichloroethane PPb ND-1.3 ND 1.3
Asbestos MFL ND-0.19 ND 0.19
Barium ppm 0.24-0.34 ND 0.34
Di(2-Ethylhexl)phthalate PPb N D -S ND 03
Dichloromethane PPb ND-1.5 ND 1.5
Fluoride ppm 0.11 -  1.28 0.95 1.28
Gross Alpha Activity cPi/1 0.5-0.8 0.7 0.8
Gross Beta Activity cP i/l 2 . 5 - 2.6 2.6 2.6
Hexachlorocyclopentadiene ppb ND —0.05 ND 0.05
Nitrate as Nitrogen ppm 0.9-0.30 0.19 0.30
TT H M ’s ppb 34-118 59 86*
Xylenes ppb ND-0.9 ND 0.9
•  4- quarter running average
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Table 5.2: Unregulated Parameters, Norfolk Finished Drinking W ater
Substance U nits Range Ave
Bromodichloromethane ppb 3-17 9.1
Chlorodibromomethane ppb 0 .9 -02 .1 l .l
Chloroform ppb 19-57 32
Sulfate ppm 21-27 25
Table 5.3: Additional Parameters, Norfolk Finished D rinking W ater
Substance U nits Range Ave
Alkalinity Mg/1 3-31 16
Aluminum Mg/1 0.15-0.23 0.19
Chloride Mg/1 1 3 -1 9 16
Total Chlorine Mg/1 2.2-4.8 3.4
Color units ND ND
Detergents Mg/1 0.006-0.022 0 .0 1 2 .
Hardness Mg/1 3 0 -5 9 44
Iron Mg/1 N D - 0.025 ND
Manganese Mg/1 ND ND
pH units 6 .9 -9 .0 7.1
Silica Mg/1 3 .2 -5 .7 4.1
Sodium Mg/1 7-12 9
TDS Mg/1 83-94 91
Zinc Mg/1 ND —0.16 0.08
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Table 5.4: Inform ation Collection Rule, Norfolk Finished W ater
Substance U n its Range Ave M ax
Chloral Hydrate ppb 2 .3 -2 1 8.4 21
Chlorate ppm 0 .03 -0 .30 0.14 0.30
Disinfectant Residual ppm 0.1 -2 .7 1.6 2.7
Haleocetic Acids (5) ppb 25 -100 51 100
Haleocetonitriles ppb 2.8 -9.8 5.8 9.8
Haloketones ppm 2 .5 -9 .4 5.9 9.4
Total Organic Carbon ppm 2 .2 -3 .1 2 .6 3.1
Total Organic Halide ppb 103-366 216 366
As shown in Tables 5.1, 5.2, 5.3, and 5.4, the Norfolk water system is in full 
compliance w ith EPA regulations. In  the Regulated Substance tables, the T H M  values 
range up to 120 u g /L . This would be typical o f water systems in this area where the 
source water comes from surface impoundments w ith moderate concentrations ( 5-9 mg 
C /L ) o f natural organic m atter.
5.3 Sample Phases
5.3.1 In itia l Sampling: Phase 1
D uring the course o f the data collection, the sampling evolved into four distinct phases. 
Table 5.5 provides a synopsis o f these phases.
Table 5.5: Sample Phases o f Research
Phase Tim efram e D isin fectan t D escription o f Sam pling
l 1994-1997 Chlorine General water parameter sampling at 
Base wide locations
2 1999-2000 Chlorine Test loops set up at 10 locations
3 2001-2002 Chloramine Test loops set up at 10 locations (iron  
sampling included)
4 2002 Chloramine Test loops set up at 10 locations (iron and 
HPC sampling included)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
These phase classifications evolved due to the following events;
1. As water behavior became better understood, specific test locations were established 
to isolate the w ater and analyze the disinfectant decay kinetics.
2. N orfolk switched from free chlorine disinfection to chloramination in October 2000.
3. Iron  was added to the sample parameters in 2001 as a possible sink for chloramine 
consumption.
4. H PC  was added to the sample parameters in 2002 as a possible sink for chloramine 
consumption.
From  1994 to 1997, water quality sampling was conducted at the Norfolk Naval 
Base to better understand chlorine decay in the dead end sections and to identify 
locations for more detailed study in later phases. These sites were in itia lly  selected 
based on bacteriological m onitoring as required under the Total Coliform Rule, 40 C FR  
141. From  the 75 bacteriological sample sites on base, specific zones o flo w  chlorine 
residuals were identified. D uring the summer months, some bacteriological samples 
were resampled due to confluent (abundant) growth on the plate count. I t  was found 
that many areas o f the distribution system did not hold a chlorine residual for more than 
a day. This led to a hydrant-flushing program that was implemented during this period 
to improve water quality in these low  flow  areas. Study areas were expanded to 
examine chlorine decay in cast iron, ductile iron, transite, and PVC pipes. This  
program allowed direct comparison o f disinfectant decay to determine possible 
influences o f pipe material.
Between 1992-2001, the w ater infrastructure was significantly upgraded by 
replacing 40% o f the existing pipe system. In  addition, existing dead end/low  flow  
areas were Interconnected w ith other grids to improve available fire flow and reduce
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detention times. As shown in Table 5.6, this significantly reduced the low (zero) 
chlorine residual areas within the distribution system and caused a slight increase in the 
free chlorine residual.
Table 5.6: M onthly Average Chlorine Conditions in the Study
Year Free Cl2 #  o f  Sites with Zero 
Residual
(mg/L) (Mo. Average)






The change in the grid structure and implementation o f periodic flushing 
created other improvements in the system. By reducing the detention times, TH M  
concentrations were also lowered. Based on population size, TH M  samples were 
collected from four locations on a quarterly basis. Figure 5.3 shows the trend in T H M  
levels over this period.















Fig. 5.3: Q uarterly Average T H M  Levels in the Distribution System
W ith  a better understanding o f water behavior, success was achieved in the 
following areas:
1. Increase o f free chlorine residuals In the system
2. Fewer zero chlorine residuals In the system
3. Fewer iron complaints from customers
4. Decreased T H M  levels in the system
Phase 1 sampling provided insight into the chlorine decay behavior o f the water 
system in relation to pipe material, pipe size, and detention times. Phase 1 provided 
the basis for the development o f sound field techniques for the test loop sampling 
under Phases 2 , 3, and 4.
5.3.2 Follow  up Sampling: Phases 2-4
In  Phases 2-4, a total o f eleven locations were sampled under various flow  
scenarios. These sites were selected because they are all located in low -flow  (low
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demand) locations where the decay of free chlorine could be monitored with minimal 
“interference” from water withdrawal. Table 5.7 below depicts the number and variety 
o f  sites selected while Table 5.8 provides a more detailed summary of each site.
Table 5.7: Number o f T est Sites for Phase 2-4 Sampling
P ipe M aterial P ipe D iam eter
6 in 8 in 10 in 12 in




Table 5.8 Summary of T est Sites
Type Location Age Size Com m ents
Cast LAG-l 10 I930's 6“ 900 feet on a low usage main
M—18 I940’s 10“ 950 feet on a grid main
NM -59 1940's 6" 1100 feet on a dead end main
SDA-203 1930"s 8 1000 feet on a grid main
SP-90 I940’s 8 1650 feet on a grid main
Ductile CEP-127 1970's 6” 200 feet on a low usage main
A-67 1994 8“ 500 feet on a dead end main
PVC CA-14 1998 12” 800 feet on a grid main
Transite CD-2 I970's 8" 400 feet on a dead end main
NM -71 1950's 8” 200 feet on dead end main
Or 99 1970s 8” 800 feet on a grid main
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Pipe grid locations were selected based on the following criteria:
1. Valves were accessible to isolate the test section from the surrounding water 
system.
2. A 500-foot minimum pipe length was required to allow a minimum o f ■* 
hours o f sampling under various flow conditions. This condition allowed a 
sufficient amount o f water volume to conduct the test because only the initial 
volume o f water within the pipe length was discharged and sampled during 
the test period. Table 5.5 compares the storage volumes o f various 
diameters o f pipes.
Table 5.9: Storage Volumes o f  Various Diameter Pipes
P ipe Size S torage Volume 






3. The test location contained a downstream fire hydrant to allow water sample 
collection.
4. The test location contained an upstream fire hydrant as well. This allowed 
comparative chlorine residual tests to insure that a relatively homogeneous 
chlorine residual (prior to the s ta rt o f  sampling) is present through the entire 
test section.
5. All flow within the pipe section could be accounted for during the test. I f  
there was water usage consumption from sources other than the test 
hydrant, meters were available to monitor this water demand.
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5.4 Pipe Locations
5.4.1 Cast Iron Pipe Locations
The site designated LAG-l 10 is a service line that serves a heliport control 
tower located in the northern section o f the Base. This 6-inch cast iron pipe was 
installed in the 1930’s and has a total length o f850 feet. LAG- 1 10 is the only metered 
account on this line. The adjacent fire hydrant is the sample point. D uring the testing 
period, both the LAG- 1 10 and fire hydrant meters are read during each sample interval 
to accurately measure pipe flow. W ater is supplied to this main from a 12-inch cast iron 
pipe located parallel to Dillingham Boulevard. As the LAG- 1 10 is a dead end line, no 
valves were secured (closed) for the tests. Figure 5.4 shows a drawing o f the LAG- 1 10 
cast iron line area.
*  4
S L i j o ^ — ^ a |
x* „  . - — i  I
Fig. 5.4: LAG- 1 10 Cast Iron Line
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The M-48 line is located in the north central section o f the Naval Base. This 10-  
inch cast iron line was installed in the 1930’s and has total length o f950 feet. The pipe 
is located in an interconnected grid. Ten-inch cast iron mains service both the 
upstream and downstream ends o f the test line. For test purposes, the line was 
converted into a dead end line by securing one downstream valve adjacent to the test 
hydrant. There are no meter accounts on this line. Figure 5.5 shows a sketch o f the 
M-48 cast iron line and surrounding area.
Fig. 5.5: M-48 Cast Iron Line
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T he NM-59A line is located in a maintenance shop compound in an isolated area 
o f the Naval Base. This 6-inch cast iron line was installed in the 1940's and has a total 
length o f 1100  feet. As NM-59A is a dead end line, no valves were secured during the 
tests. Figure 5.6 shows a drawing o f the NM-59A cast iron line and surrounding area.
Fig. 5.6: NM-59A Cast Iron Line
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The SDA-203 line is located in an outlying warehouse annex outside the Naval 
Base. This 8-inch cast iron line was installed in the 1930’s and has a  total length of 
1000  feet. The pipe is located in an interconnected grid as part o f a fire sprinkler 
system. Sixteen-inch cast iron mains service both the upstream and downstream ends 
o f the test line. For test purposes, the line was converted into a dead end line by 
securing one downstream valve adjacent to the test hydrant. There are no meter 
accounts on this line. Figure 5.7 shows a sketch of the SDA-203 cast iron line and 
surrounding area.
Fig. 5.7: SDA-203 Cast Iron Line
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The SP-90 line is located in the east corner o f the Naval Base. This 8-inch cast 
iron line was installed in the 194-O’s and has a total length o f 1600 feet. The pipe is 
located in an interconnected grid. For test purposes, the line was converted into a dead 
end line by securing one downstream valve adjacent to the test hydrant. There is one 
metered account on this line and this consumption is accounted for in the total flow. 
Figure 5.8 shows a sketch o f the SP-90 cast iron line and surrounding area.
A '
Fig. 5.8: SP-90 Cast Iron Line
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5.4.2 Ductile Iron  Pipe Locations
The CEP-127 line is located in the southeast area o f the Naval Base. This 6-inch 
ductile iron line was installed in the 1970’s and has a total length o f200  feet. The pipe 
is a dead end service w ith one metered account whose consumption is accounted for in 
the total flow. Figure 5.9 shows a sketch o f the area surrounding the CEP-127 ductile 
iron line.
F ig . 5.9: CEP-127 Ductile Iron  Line
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
78
The A-67 line is located in  the northwest area o f the Naval Base. This 8-inch 
ductile iron line was installed in 1994 and has total pipe length o f550 feet. The pipe is 
located in an interconnected grid. For test purposes, the line was converted into a dead 
end line by securing one downstream valve adjacent to the test hydrant. There are no 
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Fig . 5.10: A-67 Ductile Iron Line
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5.4.3 Transite Pipe Locations
Transite pipe, also known as asbestos-cement pipe, was first developed in 
Europe and brought to the United States in 1931. This pipe is a m ixture o f portland 
cement and asbestos fibers (A W W A  1998). This pipe was installed in only five known 
locations on the Naval Base during the 1950 through the 1970’s.
The C D -2 line is located in the medical complex area o f the Naval Base. This 6 - 
inch transite line was installed in the 1970’s and has total length o f400. The pipe is a 
dead end service. There are no metered accounts on this line. Figure 5.11 shows a 
sketch o f the C D -2 transite line and surrounding area.
▼ * I 029




Fig. 5.11: C D -2 Transite Line
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The NM-71 line is located in the same area as NM-59A. This 8-inch transite 
line was installed in the 1950’s. The pipe is located on a dead end service and has one 
unmetered service account. Figure 5.12 shows a sketch o f the N M -71 transite line and 
surrounding area.
N.
Fig. 5.12: NM-71 Transite Line
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The Q-99 line is located in the northwest area o f the Naval Base. This 8-inch 
transite line was installed in 1975 and has a total length o f 1000  feet. The pipe is located 
in an interconnected grid. For test purposes, the line was converted into a dead end line  
by securing one valve. There is one metered account on this line and this consumption 
is accounted for in the total flow. Figure 5.13 shows a sketch o f the Q-99 transite line.
C "





Fig. 5.13: Q-99 Transite Line
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5.4.4 Polyvinyl Chloride Pipe Location
The CA-14 line is located in the M arine Barracks area parallel to Interstate 564. 
This 12-inch PVC was installed in 1999 and has a total length o f800 feet. For test 
purposes, the line can be converted into a dead end line by securing two valves. There 
are no metered accounts on this line. Figure 5.14 shows a sketch o f  the CA-14 PVC 
line.
L _  ^
Fig . 5.14: CA-14 P V C  Line
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5.5 Analytical Procedures and Test Equipment
5.5.1 Chlorine Residual Measurements
In this study, two measurements, free chlorine and total chlorine, were made to 
quantify disinfectant concentrations. Free chlorine is the sum o f both hypochlorous acid 
(HOC1) and hypochlorite ion (0C1*), while total chlorine Is the sum o f chloramines and 
free chlorine. In this research project, the N,N-Diethyl-p-phenylenediamine (DPD) 
colorimetric method was used to measure chlorine (Connell 1996). To measure 
chlorine, potassium iodide was added to the sample bottle and allowed to react with 
chlorine for one to three minutes. In the presence o f chlorine, the sample solution will 
develop a pink-red color with the intensity proportional to the concentration of 
chlorine. A colorimeter was used to measure the light absorbance at 515 nm and 
convert this to a chlorine concentration by means o f a calibration curve. The particular 
test equipment used on this project is the Hach Pocket Colorimeter Model 46700-00. 
This particular unit is factory calibrated against known chlorine concentrations to 
establish a calibration curve. This portable analyzer was compared with a free chlorine 
titration performed by the city o f Norfolk Utilities Department laboratory with the 
results observed to be in good agreement.
Table 5.10: Comparison o f Portable Chlorine Analyzer vs Norfolk
Norfolk Lab Portable Average Difference
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As shown in Table 5.10, the portable analyzer works within an acceptable range o f 
accuracy.
5.5.2 Chlorine Sample Bottles
For bulk w ater samples collected from the system, it was important that the 
samples be carefully monitored for constant temperature, no air space, and no sunlight. 
Amber vial bottles (100  ml) were used in all phases of this research to prevent chlorine 
breakdown by exposure to sunlight. The narrow necks on the bottles allow them to be 
sealed with zero headspace precluding the chlorine from stripping out o f  solution. To 
maintain a constant temperature that would be found inside the pipe, the sample vials 
were kept in a 1-L polyethylene container with constantly overflowing water. All 
bottles (from different points in the distribution system) were maintained a t the same 
temperature since w ater temperatures were observed not to vary among sampling 
points on the base.
To preclude any contaminant chlorine demands within the bottles, each bottle 
was cleaned with a bristle brush and filled with chlorinated water a  minimum of 30 
minutes prior to sample collection. To verify this cleaning technique was adequate, 
blanks containing deionized water and chlorine were prepared and stored in the amber 
bottles for five days. The amber bottles were found to exhibit no significant chlorine 
demand. The bottle demand was two orders o f magnitude ( =  10*8 /  sec) less than the 
typical bulk decay( =  10*® / sec) in regular tap water. Refer to Figure 5.15.










Fig. 5.15 Chlorine Concentration as a function o f Time in
Deionized W ater Spiked with Chlorine
5.5.3 Iron Measurements
In this research, iron concentrations were measured with a Hach Model 850 
portable colorimeter. This unit measures both ferric (Fe+-) and ferrous (Fe+3) iron 
using the 1, 10-phenanthroline colorimetric method (Standards Method 1985). In the 
presence o f free chlorine, the sample solution develops a red-rust color with the 
intensity proportional to the concentration of iron. The colorimeter is used to measure 
the light absorbance at 510 nm and convert this measurement to an iron concentration 
by means of a calibration curve.
The samples were collected in a one-liter polyethylene container and 
immediately tested for the presence o f iron. Under this field method, no acid 
preservation was required. After three minutes o f reaction time, the absorbance was 
read and recorded in the field.
5.5.4 Heterotrophic Plate Count (HPC)
In order to be able to a better estimate o f bacterial colony populations, the 
modified R2A agar method is used in this research. Under the Standards Method, the
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three sample preparation techniques are pour plate, spread plate, and membrane 
filtration. (Standard Methods 1992). However, when using R2A agar, only the pour 
and spread plate techniques are applicable. Table 5.11 shows the applicable incubation 
times and temperatures.
Table 5.11 Comparison o f Standard Methods and R2A Method
T est Method Temp Range Incubation
°C (days)
H P C -S P C Pour Plate 35 2
H P C -R 2A Method Pour Plate 25 7
R2A agar has a low nutrient content. W hen this agar is combined with a low 
temperature and an extended incubation time, i t  is very effective for recovery o f  stressed 
and chlorine-resistant bacteria from drinking water.
The low concentration o f yeast, casein hydrolisate, peptone, and glucose allows a 
wide spectrum o f bacteria to grow without the fast growing bacteria suppressing the 
slow growing species, as would be the case with the Standard Methods. The starch and 
pyruvate allows the injured bacteria to grow again more quickly (Merck 200 2 ). See 
Tables 5.12 and 5.13 for the composition of the respective agar mediums (Standard 
Methods 1985).
.12: Standard M et lods Agar




Distilled W ater l L
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Table 5.13: R2A Agar Composition
Yeast Extract 0.5 g
Protease peptone 0.5 g
Casein hydrolysate 0.5 g
Glusose 0.5 g
Soluble starch 0.5 g




Magnesium Sulfate 0.005 g
agar 12.0 g
Distilled W ater IL
Because the nutrient requirement for HPC’s are much lower than for colifcrms, 
HPC concentrations provide an effective indicator o f  potential trouble spots in the 
distribution system. During the data collection, (2 ) samples were collected for each time 
interval. Each sample was prepared a t 1 ml and 0.1 ml dilution rates. The highest 
reading from the each analysis was recorded. Results were tabulated according to the 
example in Table 5.14. In all the sample results, the 0.1 ml dilution provided the 
highest colony counts.
Table 5.14: HPC Tabulation Methodology
Sample I CFU Result Reported
1 ml 67 67 -
0.1 ml 15 150 100
Sample 2
1 ml 55 55 -
0.1 ml 25 250 250
Average 175
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5.6 Field Experiment Procedures
As a brief overview, the data collection procedure was divided along two distinct 
sampling paths. All initial water samples were collected from a fire hydrant located 
within the test section. To calculate a total disinfectant decay demand “K,” field samples 
were collected from the hydrant a t a specified frequency (usually every 1 to 2 hours) and 
analyzed for chlorine concentrations. To calculate a bulk demand “kB,” additional water 
sample bottles were collected at the beginning o f the test and stored a t a separate 
location. These bottles were maintained at a constant temperature in a water bath and 
were analyzed for chlorine concentrations every 24 hours. Linear regression models 
were run for each set o f data points and first order decay rate constants were developed. 
These steps are described in detail in the following sections and Figure 5.16 provides an 
illustration o f the procedure.
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5.6.1 Distribution System Flushing 
Step 1: Low Velocity Flush:
Antoun e t al. (1999) provide a thorough discussion of unidirectional flushing as a 
means to improve distribution system water quality. Unidirectional flushing is 
designed to scour interior pipe walls with high velocity flushing as high as six feet per 
second (fps). The scouring action helps remove some o f the biofilm present within the 
pipe wall. Initial flushing in was conducted well below the 6-fps threshold to minimize 
any biofilm detachment. Listed below in Table 5.15 are the corresponding flows 
achieved with a 6-fps velocity.
Table 5.15: Flows a t Six Feet per Second
Velocity for Indicated Pipe Diameters





Lower velocity flushes (1 —4 fps) are designed to have minimal impact on the 
existing biofilm present in the pipe. As noted above, high flushing velocities can 
possibly remove some of the biofilm and suspend it into the bulk phase o f the water. If 
this happens, bulk decay bottles tests would likely give higher decay rates than the true 
field conditions. Flushing is continued until total chlorine residuals exceed 1.5 m g/L.
For m ost o f  the sample areas, a chlorine residual o f  2.0  m g /L  can be achieved 
with minimal flushing (i.e., less than 30 minutes). Conversely, a  few cast iron sections 
exhibit very low chlorine residuals (< 1.0 m g/L  total chlorine) after 30 minutes of
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flushing. In  these cases, flushing is extended up to two hours until a chlorine residual o f 
1.50 m g/L  is achieved.
Because the sampling takes place over several hours, it is imperative that a 
constant chlorine residual be present throughout the test section at the beginning o f the 
test period. To verify this, a  fire hydrant a t the upstream end of the test section is 
flushed and sampled for chlorine as well. The flushing process continues until both fire 
hydrants measure the same chlorine residual. This insures a relatively homogeneous 
chlorine residual throughout the test section. An illustration of the setup is shown in 
Figure 5.17.
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Fig. 5.17: Field Setup o f H ydrant Loop
Step 2: In itia l Sam ple Collection
Once the desired initial chlorine limits were met, the fire hydrant was secured 
(closed) and a 5 /8-inch positive displacement m eter was installed on the 2 -1/2-inch 
hose connection. The meter test r ig  was fabricated for this research to allow accurate 
flow measurement. Per the meter manufacturer specifications, flow rates o f  less than 1-  
gpm can be accurately monitored with this particular meter. Actual flow rates are 
regulated with a /4-inch gate valve located downstream on the meter assembly. The
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Figure 5.18: M eter Test R ig Illustration  
Table 5.16: M eter Test R ig  Parts Inventory
Part Description
1 2- 1/ 2" Nozzle Cap w ith  Fire Hydrant threads
2 1- 1/ 2" Bushing
3 1- 1/ 2" M ale to %" Female Bushing
4 %” nipple and union
5 5 /8" x  %" Positive Displacement (PD)
6 %” nipple and union
7 3A" Hose Bib (Globe Valve)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
A fter attachment o f the m eter test rig, the fire hydrant was reopened with, flow  
now regulated by the gate valve on the meter test rig. Flow  was controlled (throttled) 
to examine chlorine decay under lam inar and turbulent flow conditions. The meter 
assembly was then flushed again for a few minutes. A  total o f 3-4 amber bottles (as 
described in the previous section) were then filled w ith the sample water. Care was 
taken to eliminate a ir bubbles and ensure that no headspace existed w ithin each sample 
bottle. The initial chorine concentration was measured and recorded using the portable 
colorimeter as was the in itial flow meter reading, the date and the time.
Step 3: Establishing Study Flow Rates
Ideally for each size and class o f pipe, separate sample events were conducted 
under zero flow, laminar, turbulent, and transitional flow conditions. As described 
previously, many o f the governing mass transfer equations delineate Re =  2300 as the 
threshold between lam inar and turbulent flow. This assumption is based on smooth 
w all pipe. Flow and velocity values for Re =  2300 are tabulated below for pipe 
diameters evaluated in this research (Table 5.17).
Table 5.17: Flow Characteristics at Re=2300 for Indicated Pipe Diameters






Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
Based on this analysis, at least three separate tests were conducted on different days for 
each test section. This procedure allowed examination o f the applicability of the mass 
transfer equations under various flow conditions. Volumetric discharge rates (as 
measured by the meter) were adjusted so that the flow velocities corresponded to Re 
values below and greater than Re =  2300. The tests were generally completed within a 
week’s time and the flow rates for each test were conducted in random order. Figure 
5.19 illustrates a hydrant during a flow test.
Fig. 5.19: H ydrant during Flow Testing
Step  4: E stab lish ing  Sam ple Collection Frequency during  In d iv id u a l Tests
After filling, the sample bottles were then placed within a 1-L polyethylene 
container and immediately transported a t ambient temperature to the office. W ater 
from a cold w ater tap was then run through a flexible hose and inserted into the bottom 
o f  the container to insure a continuously overflowing water bath. This water bath 
insured that sample bottles were kept a t a constant temperature equivalent to the water 
temperature in the distribution system. As noted previously, spatial temperature
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variations were not observed during this study and the cold water tap could be 
reasonably expected to replicate the test pipe section conditions.
The class o f pipe was used to determine sample analysis frequency for the 
hydrant. Based on field observations to date, the following sample frequencies for 
hydrants were adopted.
1. Cast iron pipe exerts a high chlorine demand and was sampled over the shortest time 
period, typically 1 to 2 hours.
2. Ductile iron and transite pipes exert a lower chlorine demand and were analyzed 
less frequently. A standard analysis frequency was 2 to 3 hours.
3. PVC pipe exerts very little chlorine demand. A typical analysis frequency was every 
2 to * hours.
The actual length o f pipe used during the test procedures depends upon variables 
such as the existing water distribution system layout and the accessibility o f valves, 
hydrants and meters. I f  a relatively short length o f pipe (less than 500 feet) was the 
only location available for a particular class and diameter o f pipe, this shortened the 
duration o f the overall sampling event and therefore altered the sampling frequency. 
For plotting the decay rate constants, four disinfectant concentration measurements 
were to be satisfactory for curve fitting  w ith a correlation coefficient (R -) greater than 
90%.
Step 5: Field and Laboratory Measurements:
To  determine the total disinfectant decay “K’\  the following steps occurred:
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1. A t the prescribed frequency as determined by the pipe class (between 1 to 3 
hours), a 1-liter sample was collected from the hydrant. The chlorine residual 
was analyzed and recorded.
2 . The meter reading was recorded.
3. After a 6  to 8 hour test run was completed, the hydrant was secured and the 
distribution valves were returned to the open position.
To determine the bulk decay demand "kB" the following steps occurred:
1. Every 24 hours (as calculated from the start o f  the field test), one amber vial 
was removed from the water bath.
2 . The sample was analyzed for chlorine and the result was recorded. The 
remaining sample in the vial was then discarded.
3. The remaining vials were maintained in the water bath. One individual vial 
would be sampled every 24 hours over the next the three-day period.
As stated above, the chlorine concentrations measured at the fire hydrant were 
used to calculate the overall “K” decay (bulk -4 wall demand). The amber vial chlorine 
concentrations were used to calculate the bulk decay “kB-" As stated previously, the 
total length o f the sample event depended on the amount o f pipe that could be isolated 
for the test. Generally, each sample event ran between 6  to 8 hours. T est intervals 
were modified slightly to insure enough data points for good characterization o f the 
decay constants.
On separate days, each test pipe was run a t various flow rates to reflect laminar 
and turbulent conditions (as calculated for smooth pipe). Likewise, tests were 
conducted in the winter, summer, spring and fall seasons to evaluate the influence o f 
temperature on disinfectant decay.
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5.6.2 Data Analysis: Determination of Decay Coefficients
Disinfectant concentrations were measured during each field trial to evaluate the 
total and bulk demand rate constants. W ith  the data collected in Section 5.6.1, "K” and 
“kb” are plotted as first-order expressions. As discussed previously in Section 2 , the 
most frequently used reaction rate expression to express chlorine decay is the first- 
order rate equation (Eq 2 - 11). This was observed to correlate well with the data 
collection in this study where:
J i H
-  = -k C  ( T q 2 - i n
dt
where: C =  bulk-phase chlorine concentration
k =  first-order reaction rate constant for chlorine decay 
Integrating Equation 2-11 yields Equation 5-1. I t  becomes evident that evaluation o f 




= ~ k t Q E q 5 -0
Overall chlorine decay and bulk chlorine decay rate coefficients were determined by 
conducting a least-squares linear regression analysis between these parameters w ith the 
slope being equal to — k. This relationship can also be plotted and examined for 
goodness o f fit as w ell as illustrating decay. A n example o f a cast iron sample event 
completed in summer 1999 is shown in Figure 5.20. The graph is plotted as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
99
In C(t)' w ith slope =  -k. W h ile  this form at differs from conventional plots for kinetic











First Order (Bottle) 
First Order (Field) j
K = 4.85 d
R = 0.96
kB =  1.24 d 
R‘ =  0.99 ,
0.00 0.20 0.40 0.60 0.80 1.00 1.20
Time (day)
Figure 5.20: Chlorine Dissipation over Time for Field and 
Bottle Analysis oFW ater Transmitted through 
Cast Iron Pipe
Chlorine decay rate constants are routinely expressed in units o f l/day . 
Therefore, units of days were chosen for the x-axis. As shown in Figure 5.21, the decay 
rates can be significantly lower for a non-tubercled pipe such as ductile iron. This 
finding will be more fully described in the following chapters.
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Figure 5.21: Chlorine Dissipation over Time for Field and 
Bottle Analysis o f W ater Transmitted through 
Ductile Iron Pipe
5.6.3 Supplemental Analysis under Phase 3 and 4
As described earlier, Phase 1 performed the initial sampling to determine overall 
behavior o f the distribution system. Once permanent sample sites were selected, Phase 
2 incorporated the free chlorine decay studies. The city o f N orfolk switched from free 
chlorine to chlroamine in October 20 0 0 . A t that point, Phase 3 incorporated chloramine 
decay studies. In  addition, iron was added to the sample parameters in an effort to 
identify other possible disinfectant sinks.
A fter Phase 3, there still appeared to be other decay m echanism s occurring 
w ithin the pipe that were not accounted for in current models. Therefore, under Phase 
4, heterotrophic plate counts (H P C ) were added to the protocol sampling. I t  was 
believed that the pipe w all m ay be shedding microorganisms into the bulk solution and
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thereby increasing the disinfectant demand. The number of individual tests completed 
under each sample phase is provided in Table. 5. 18. Analysis o f these data is discussed 
in Section 6 .
Table 5.18: Summary o f Sample Events — Phases 1 through 4
Location #  o f  T e st Runs
Phase 2 Phase 3 Phase 4 Total
Cast Iron 47 62 13 122
Transite 10 12 I 23
Ductile Iron 12 7 7 24
PVC 4 7 5 14
73 88 26 187
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
102
6: MASS TRANSFER ADJUSTMENTS FOR CAST IRON PIPE
AND IDENTIFICATION OF ADDITIONAL DECAY SINKS
6.1 Introduction
The first section w ill be qualitative in nature to explain the overall behavior
On the RHS o f the equation, the first term  represents decay occurring in the bulk phase 
o f the water. The second term  describes disinfectant decay attributed to mass transport 
to the pipe wall due to advecdon. Pipe flow (advection) must be present for the mass
iron pipes or grids w ith very low flow patterns, these data provided evidence that 
models employing bulk decay and conventional mass transfer expressions were 
inadequate to account for all the disinfectant decay. In  these scenarios, overall 
disinfectant decay was often 5 — 10 times higher than the bulk decay. Because o f the 
high disinfectant demand in cast iron pipe, Section 6.2 deals w ith m odifying mass 
transfer expressions to account for demand in tubercled cast iron pipes.
As shown in Section 4, mass transfer expressions can be rearranged to provide 
an explicit expression for kw.
trends found during this research period. A t the beginning o f this research, the original
concept o f disinfectant decay was adequately expressed as follows:
QEq 3-8]]
transfer to occur. Therefore, under this model assumption, bulk decay is the only decay 
mechanism when there is no flow w ithin the pipe.
Actual field sample data is provided in Section 7 and 8 . W hen sampling cast
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.  _  ) k f
W ~ k f - R H { K ~ K )
QEq 4-153
This expression for wall demand provides an interesting insight into a physical 
representation o f the limiting parameters o f mass transfer. This model assumes the 
presence o f an established biofilm on the pipe wall. Therefore, the mass transfer 
reaction is limited only by how much disinfectant can be advected to the wall.
To simplify the expression for discussion, let the second term  in Equation 3-8 be 
called kwr, signifying disinfectant decay following advective mass transfer to the pipe
For tuberculated cast iron pipe, model estimates did not compare well with the 
water quality data collected over the course of this research. W hile current models
better characterization o f disinfectant transport and decay in cast iron pipes. A more
wall.
QEq 3-83
K  — kb + [ ^ q  6-13
QEq 6-23
provide a reasonably good fit for smooth pipe, these observations signify the need for
complete model o f chlorine decay sinks would include all possible disinfectant sinks
such as:
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1. Bulk decay
2 . Reaction after advection to pipe wall
3. Reaction after diffusion to pipe wall
4. Iron corrosion from pipe wall (Release o f Iron to the bulk solution)
5. Microbial wall shed events
I t is suggested that a more suitable general expression to incorporate all sinks in
a single rate constant would be:
K  = kb + +■ k moN + k DIFF +  k HPC CEq 6-33
where K = overall chlorine reaction constant
kb = first order bulk decay rate constant exclusive o f reactions with iron and 
microbial m atter originating from the wall 
kMT =  fit order decay attributed to mass transfer to pipe wall 
kmoN = decay rate constant attributed to iron release from pipe wall 
kDIFF = decay rate constant attributed to chlorine diffusion to pipe wall 
kHPC = decay rate constant attributed to chlorine diffusion to pipe wall
6 .2 : Development o f Mass Transfer Expressions for Cast Iron Pipe
6 .2.1 Introduction
In previous sections, the use o f  an overall rate constant depicting chlorine decay 
from two components was described. This equation (Equation 3-8) assumes that all 
chlorine decay not attributed to bulk decay occurs under a mass transfer mechanism. 
Based upon a visual inspection o f over 20  pipe sections within the study area, a biofilm 
was consistently present throughout the cast iron water distribution grids. To simplify 
the mass transfer model, the following assumptions are made:
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1. All the research data were collected under low flow regimes where R e< 103.
2 . Because o f the low flow regime, the biofilm will consume all the chlorine 
advected to it.
3. As flow increases, the biofilm will be able to consume all the available 
chlorine as it becomes available a t the pipe wall.
From a fluid dynamics perspective, the Reynolds number (Re) and the hydraulic 
radius (Rh) control kvrr. Calculation o f these hydraulic properties requires knowledge 
o f the fluid velocity and cross sectional area o f the pipe. For cast iron pipes, tubercle 
formation creates a very heterogeneous surface profile that affects w ater flow (i.e., 
velocity distribution). As a result, Re and Rh can be significantly altered in cast iron 
pipe which ultimately alters the mass transfer dynamics. Therefore, understanding 
tubercle growth and relating it into physical parameters is crucial to adequately 
quantify the mass transfer sink.
6 .2.2 Inorganic Tubercle Analysis
During the course o f the sample periods, sections o f tubercled cast iron pipe 
were collected from the distribution system. Whenever a water pipeline break on the 
Naval Base necessitated pipe replacement, sections o f pipe were excavated and removed 
from the ground. Tubercle deposits from these pipes were collected and sent to the 
PW C Environmental Laboratory (Norfolk Naval Base) for an inorganic analysis. The 
tubercle samples were then digested with nitric acid and analyzed by ICP-spectroscopy.
These samples came from pipes o f varying age, size, and flow characteristics. 
Table 6.1 indicates the results o f  the inorganic analysis. Briefly, iron was the principal 
component of the deposits. However, sulfur was also found a t elevated concentrations
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in. a  num ber o f  sam ples. T h is  supports th e  notion o f  sulfate reducing bacteria b e in g  part 
o f  the biofilm  com m unity. T h ere  w as very  little  calcium, w hich  w ou ld  be expected  in 
rela tively  lo w  alkalinity (SO -m g/L  as CaCOs) water.
T ab le  6.1: T ubercle A n alysis o f  C ast Iron Pipes (m easured in m g /k g )
L ocation Year S ize  | Fe Ca M g Mn S Zn Pb P
Y-102 1930's 12 110,919 11 6 13 S66 5
S Side X-3SO s : 370,000 1,700 320 260 16,000 190 60
Alywin/M d 8 +30,000 1,300 2+0 680 20,000
Admiral’s Row 1907 12 +35,800 23 S 7+6 + 10 7.169 <202
Powhatan 1930's 10 550,000 360 330 510 31.000 910 ISO
BEN 19+2 s 957,000 16*1 96
SP-29 19+2 s 500.000 7 92 160 200.000 790 17 1.210
AFSC 19+O’s s 333,000 <15 <75 <200 16,000 +60 12 1.S30
SP-90 19+2 20 530,000 1,180 20S 200 330 6+6 25 <5.5
SP-357 20 385,000 923 23+ 3+S 91 + 17 18 <3.S
Gate + 19+2 1+ +33,000 +3 190 267 752 32 <5
P -l 1930's 20 +93,000 367 3+ 52+ 5 1 295 1+ <1
Z-107 1920 12 ; +60.000 95 250 380 71-
NH 12 i 350.000 13+ 21 173 519 7+2 21 <+.5
Y-102 I930'2 12 3+9,000 7+ +71 75S 8++ 17 <1
LP-5 19+2 1+ +97,000 2S9 <8.+ +95 3,750 668 20 1+7
N H -i 19+2 10 i 312,000 +12 16 353 53 810 15 I,+30
W-1Q+ 19+3 12 6+,S00 37 20 +9 196 139 3 ++0
Average | ++5.7S1 622 1S8 311 22.542 5S+ +2 1,520
T h e  U S  A rm y Corp o f  E ngineers (U SA C E) performed an ep o x y  lin in g  stu dy in  1996. 
A s part o f  this project, th ey  also perform ed tubercle analysis w h ich  is presented in  
T a b le  6.2 (U SA C E  1996).
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By comparing Tables 6.1 and 6.2, tubercle composition appears to be reasonably similar 
between both studies. Therefore, the Naval Base tubercle formations are considered to 
be o f the same structure and composition normally found in other water systems. This 
supports the premise that any mass transfer expression modifications developed for this 
study area could be expanded to include other distribution systems which have cast iron 
pipe.
6.2.3 Interior Surface Profiles
As stated earlier, tubercle formation creates a very heterogeneous surface profile 
for water flow. No information exists on what these tubercled surfaces represent in 
terms o f hydraulic radius and wetted surface area but the formation o f tubercles does 
increase turbulence and energy loss during w ater flow. The Hazen Williams “C"~ factor 
is derived from hydrant flow tests to provide a numerical solution to head loss. This 
head loss can be correlated to increased tuberculation. However, the “C” factor values 
do not provide a physical description o f the interior pipe surface.
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To better assess the applicability o f  M T  expressions, digital photographs were 
taken o f several cast iron pipe coupons ranging from 4 to 16 inches in diameter. These 
images were imported into AutoCAD L T  and scaled to match actual dimensions. 
Outlines were made of the interior pipe surface and measured for cross-sectional area 
and wetted perimeter. Therefore, a new hydraulic radius, Rh, could be calculated. A 
change in the hydraulic radius has a great influence on mass transfer. Likewise, a 
reduced cross sectional area changes the flow regime (Reynolds number) as well as the 
water residence time. As the hydraulic radius decreases due to tuberculation, the mass 
transfer coefficient k \rr increases. This is demonstrated in Eq 6-2 where
fE q 6-2^
Sample images o f the interior pipe surfaces are shown in Fig 6.1 and 6.2.
Fig. 6.1: Interior Surface Profile o f  16-inch Cast Iron Pipe
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Fig, 6.2: Interior Surface Profile of 4-inch Cast Iron Pipe
Table 6.3 compares the hydraulic radius o f smooth pipe and the six cast iron 
pipe sections that were photographed and measured.
Table 6.3: Measurement Comparisons between Smooth and Tubercled Pipe




Area Rh Area Rh
(in) (m*) (in) (in*) (in) (in)
4 12.6 1 8.8 0.6 3.3
6 28.3 1.5 22.9 1.0 5.4
8 50.3 2 43.6 1.7 7.5
12 113 3 89 2.1 10.6
16 201 4 173 3.3 14.8
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Comparison of the hydraulic radius, Rh for both pipe conditions is illustrated in Figure
6.3.






12O 4 8 16 20
Pipe Diameter, D (in)
Fig. 6.3: Hydraulic Radius Comparison
W ith a least-squares linear regression fit, Rh =  0.20D (R2 = 0.97) for cast iron 
pipe. Because Rh =  0.25 D for smooth p ip e , this equates to a 20% reduction in the 
hydraulic radius.
However, there are also differences in the cross-sectional area o f  the tubercled 
pipe. On average, the tubercled area is only 90% of the original pipe area. In smooth 
pipe, there is a linear relationship between area and Rh. For tubercled pipe, the non- 
homogeneous surface profile does not provide a linear relationship. This means that 
tubercled pipe has more reactive surface available for mass transfer than is the case with 
smooth pipe. Therefore, the following correction factors may be applied to tubercled 
pipe.
• Rh =  0.20 D
• Dia rough = 0.90 Dia smooth
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6.2.4 Conducting C-Factor Tests
Previous results o f  Hazen Williams “C" factors were examined in an effort to 
correlate “C” factor values with mass transfer expressions. As explained in Chapter 4,
(remember f f  = 0.25 / d w  )
A brief summary of conducting a “C" factor test can be described as follows: Refer to 
Figure 6.4 for C-factor test diagrams.
1. Isolate a section of the distribution grid where water flow is only in one direction.
2. Measure and record the pipe distance, L, between pressure Hydrants #  1 and #2.
3. After flushing hydrants, install gages on Hydrant #1 and #2. Record static
pressure.
4. Open flow pressure hydrant fully. Record pitot pressure and convert to flow (based 
on orifice diameter and interior nozzle coefficients).
5. Record residual pressures at Hydrants #1 and #2.
6. Secure all hydrants and restore valves to the open position.
the Gnielinski equation (Equation 4-9) allows for calculation of a Sherwood number as a
function o f the Fanning friction factor, fr. In  turn, the Fanning friction factor is
proportional to the Darcy-Weisbach friction factor fbw/4.
QEq 4-93
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— >  
Flow
Pitot Gage with DifFuser
fct
Fig. 6.4: Schematic for a Distribution Set-Up for 
C-Factor Testing
There are numerous variations o f the Hazen Williams equation depending upon the 
units used and the parameters to be solved. For the purpose o f these tests, Equation 6-5 




L L  J
CEq 6-5]
where
Q = flow rate from hydrant, gpm 
D =  pipe diameter, inches
AP = pressure drop between Hydrants #1 and #2, psi 
L =  length between Hydrants #1 and #2, ft
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A total o f fifteen tests were conducted to determine “C" values for the study. As least 
two and as many as seven tests were completed for each pipe size between six and 
twelve inches in diameter. Table 6.4 summarizes the results.
Table 6.4: C-Factor Results From  Study Site
Size # Range Ave
(in) Tests “C”
6 2 28-35 32
8 7 29-45 37
10 2 42-49 46
12 4 35-55 42
6.2.5 Correlation of “C” and Darcy-Weisbach fow
The Darcy-Weisbach equation for head loss can be expressed as
^ = /otv C^q 6-6]
where
f  = friction factor 
L = length, L 
D =  Diameter, L 
V =  Velocity, L /T
g  =  acceleration due to gravity, L - /T
In general, the Darcy-Weisbach equation is more widely used in academic circles 
and the Hazen-Williams equation is more commonly used by design engineers (Swamee 
2000). There have been several correlations developed to compare the Darcy-Weisbach 
friction factor, fow, to the Hazen-Williams “C” value. Walski (1984, 1988) and Lamont
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(1981) provide complete discussions and a chronology o f  the correlations between these
two equations.
W alski (1984), Lam ont (1981), Locher (2000) and Christensen (2000) also 
provide a thorough discussion on the conditions under which it  is valid to use the 
Hazen-W illiam s equation. These authors identify the equation’s lim itations in accuracy 
for scenarios such as:
1. Using “C” values below 100
2. Certain regions o f transitional and turbulent flow
3. Applying measured “C” values to different flow conditions than measured in 
the field
A calibrated steady state model was constructed for the Norfolk Naval Base in 
1995 using the “C" factor data from Table 6.4. This 500-pipe model was developed 
under the Excel software program  “Waterworks" by Synex Systems. After calibration, 
this model was run for twenty-five separate hydrant flow tests and the model 
predictions were compared against field measurements. The actual vs. model pressure 
predictions were generally within 10% agreement. Therefore, modeling efforts in this 
distribution system are assumed to be well described in terms o f pipe “C”— factors.
Walski (1984, 1988) provides the following equation for the comparison of “C"
to “e /D ":
CEq 6-7^
where
e =  surface roughness height, inches 
D  =  diameter o f pipe, inches
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Table 6.5 lists the solution to Equation 6-7 for various “C" — factor values.






These e /D  values can be used in  the Swamee-Jain formula for smooth, transitional and 
rough flow (Equation 6-8).
f DW =  0.25 /  [lo g {(0 .27e /D )}+  (5 .74 /R ea9 f  QEq 6 -8 ]
(remember f { — 0.25 f DW)
Ultim ately, fr w ill be inserted into Eq 4-10 for a solution for the Sherwood number, Sh.
( /> /  2) (R e -1000) Sc
Sh = —  /  ,o,5 I '  ---- 1 fo r  Re >  2300 QEq 4-10]
1+ 12 .7  ( /  /  2 ) [Sc0 667 - l )  u h j
Before calculating the Sh values, the existing “C" factor data was converted to a friction 
factor, fow. To  obtain these values, the "C” factor values were firs t converted to “e /D "  
values using Equation 6-7. The resultant values for “e /D ” were then used to calculate 
friction values, fow using Equation 6-8. Tables 6.6,6.7, and 6.8 show the friction factor 
solutions based on field measured “C” values.
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Table 6.6: Friction factors for 8-inch Cast Iron Pipe
Area Y ear Q Re C e e /D fbw
(gpm) (in)
SDA 1992 690 2.7E+05 37 2.47 0.309 0.215
CEP 1992 640 2.5E+05 35 2.72 0.340 0.233
LP 1992 580 2.2E+05 29 4.11 0.514 0.340
MCA 1995 480 1.9E+05 34 3.04 0.380 0.256
SP 1995 370 1.4E+05 36 2.63 0.329 0.226
SP 1992 520 2.0E+05 44 1.56 0.195 0.153
Ave 36 0.14 0.24
Table 6.7: Friction factors for 10-inch Cast Iron Pipe
Area Y ear Q Re C e e /D fbw
(gpm) (in)
CEP 1992 750 2.3E+05 49 1.50 0.150 0.13
Table 6.8: Friction factors for 12-inch Cast Iron Pipe
Area Y ear Q Re C e e /D fbw
(gpm) (in)
G 1995 920 2.4E+05 29 4.11 0.514 0.241
M B 1995 1260 3.2E+05 34 3.04 0.380 0.247
W 1995 1640 4.2E+05 36 2.63 0.329 0.103
Z 1995 1010 2.6E+05 44 1.56 0.195 0.162
Ave 42 0.26 0.19
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As calculated by Tables 6.6, 6.7, and 6.8, the fbw values fall outside the range o f the 
Moody diagram (see Figure 6.5). Only “fbw" values less than o r equal to 0.10 can be 















6 8 I 2(105) 4 6 8 I 2(107) 4 6 8 
1C6 107
Re - p V D
Fig  6-5: Moody Diagram
For rough pipes, Walski (1984) provides a correction factor for “C" values in relation to 
the different flow rates. A typical “C" factor test provides very high head loss (> 20 psi 
drop). For mass transfer applications, lower flows are more pertinent to the normal 
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where
C  =  “C " factor a t a flow rate lower than the field test conditions 
Co =  original “C "  factor value obtained during field test
V = pipe velocity, L /T
V = actual pipe velocity during field conditions, L /T  
V0=  original pipe velocity from field test, L /T
Tables 6.9 and 6.10 show sample corrections for 8 and 12-inch pipe where the “C ” factor 
values were adjusted for a lower flow rate. Equation 6-9 was used to calculate a revised 
“C ” value under the reduced flow condition. These subsequent values were then 
converted to fow values using Equations 6-7 and 6-8.
Table 6.9: Corrections for 8 inch pipe with respect to flow
Area Q Re C E e /D fi>\v
(gpm) (in)
SDA 690 2.7E+05 37 2.47 0.309 0.215
New “C” calculated with Eq. 6-9
Laminar 3 1.2E+0S 57 0.70 0.087 0.115
Laminar 4 1.5E+03 56 0.76 0.094 0.114
Laminar 5 1.9E+03 55 0.80 0.100 0.115
Turbulent 6 2.SE+0S 54 0.85 0.106 0.116
Average 0.097 0.115
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Table 6.10: Corrections for 12 inch pipe with respect to flow
A rea Q R C e e /D f
(gpm) (in)
Z 1010 2.6E+05 43 2.51 0.209 0.161
New “C” calculated with Eq. 8-9
Laminar 3 7.7E+02 69 0.50 0.042 0.099
Laminar 4 1.0E+03 68 0.55 0.046 0.094
Laminar 5 l.SE+03 67 0.59 0.050 0.092
Laminar 6 1.SE+0S 66 0.63 0.053 0.091
Average 0.048 0.094
Tables 6.9 and 6.10 indicate fow values o f approximately 0.10 for the flow 
conditions under which the mass transfer experiments were conducted. This is the 
highest fow value plotted on the Moody diagram. Therefore, the following suggestions 
are recommended for cast iron:
1. Tubercled cast iron pipe provides a very rough surface as evidenced by the 
calculated friction factors.
2. Darcy-Weisbach friction factors can not be meaningfully extrapolated because 
they fall out o f an acceptable range on the Moody diagram and published tables 
for e /D  values.
S. Regardless o f the Reynolds number, flow can be assumed to be turbulent. This 
is based on the finding that the fow and e /D  values fall outside the Moody 
diagram range.
4. Turbulent flow mass transfer expressions can be used for all flow rates 
regardless o f the Re value.
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6.2.6 Gnielinski Equation
The ultim ate goal o f correlating “C” and “f  is to determine whether a meaningful Sh 
value can be determined. As stated earlier, the Gnielinski equation for turbulent flow is:
( / ,  /  2) (R e - IOOO) Sc
Sh =  v /  '  r /o r R e > 2300  QEq4-9 ]
1+ 1 2 .7  ( / / 2 ) 0J (5c0667 - l )
where f f  = 0 .25  f DW
The Sherwood number is o f interest because it  determines kr, the mass transfer
coefficient between the bulk phase solution and the pipe w all. The term , kr, can be
expressed as Equation 4-15:
Sh D ^
kf  Q Eq4-15]
where D  =  molecular diffusivity o f chlorine, L - /T  
d =  pipe diameter, L
One o f the most common equations for calculating the Sherwood number under
turbulent flow is the Lenton-Sherwood equation.
Sh =  0.023 Re0'83 Sc0'333 fo r  Re > 2300 ^Eq 4 -4 ]
Using a fow value o f 0.10, a comparison between the Lenton-Sherwood and Gnielinski
equation is expressed in Figures 6.6, 6.7, and 6.8.
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F ig  6.7: Sherwood Number as a Function o f F low  Rate 
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F ig  6.8: Sherwood Number as a Function o f Flow Rate
J
in a 12-inch Pipe as calculated by the Lenton- 
Sherwood and Gnielinski equations
These graphs were based on a fow value o f 0.10. I t  was also assumed, that for cast iron 
pipe, all flow was turbulent regardless o f the Re value. Figures 6.6, 6.7, and 6.8 provide 
some interesting observations:
1. For Re values less than 3000, the Lenton Sherwood equation predicts the higher Sh 
value.
2. For Re values greater than 3000, the Gnielinski equation predicts the higher Sh 
value.
For this research, the m ajority o f flow tests were conducted at Re values less than 3000. 
Therefore, the Lenton Sherwood equation was used.
6.2.7 Summary o f Findings for Mass transfer Expressions
Section 6.2 discusses the effort to develop a modified mass transfer expression 
for tubercled cast iron pipe. The goal was to develop an expression that accounted for
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more pipe wall uptake than conventional models would predict- From this phase of the 
research, the following observations were made:
1. The Naval Base tubercle formations can be considered to be o f the same structure 
and composition normally found in other water systems. This was based on an 
inorganic analysis o f eighteen inorganic tubercle samples collected from the Norfolk 
Naval Base water system. These data were compared with a USACE study site as 
well as existing literature reviews (Abernathy 1997, Snoeyink 1996).
2. There is not a linear relationship between the cross-sectional area and Rh as in the 
case o f smooth pipe. This relationship is due to the non-homogeneous surface 
profile found in tubercled pipes which provides more reactive surface available for 
mass transfer than is the case with smooth pipe.
3. The following correction factors should be applied to tubercled pipe.
•  Rh =  0.20 D
•  Dia rough = 0.90 Dia smooth
4. For tubercled cast iron pipe, the fbw values fall outside the range of the Moody 
diagram. Only fow values less than or equal to 0.10 can be found on the Moody 
diagram. Therefore, friction factors can not be meaningfully extrapolated because 
they typically fall ou t o f  an acceptable range on the Moody diagram.
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5. A t normal flow rates expected in a distribution system, turbulent flow can be 
expected regardless o f  the Reynolds number. This is based on where the friction 
factors fall on the on the Moody diagram.
6. Turbulent flow mass transfer expressions can be used for all flow regimes in the 
field tests conducted in this study.
7. In this research, applying the Gnielinski equation did not increase the Sherwood 
number for tubercled cast iron pipe. However, this was based on flow conditions 
where Re did not exceed 3000. For higher Re values, the Gnielinski equation may 
be an appropriate choice
6.3 Effects o f Diffusion under Zero Flow Conditions
6.3.1 Introduction
Typical mass transfer expressions require advection to transport to the 
disinfectant to the pipe flow. Field data suggested significant pipe wall interactions 
even in the absence o f flow. Therefore, a diffusion model was developed to calculate 
disinfectant decay as a result o f  diffusion to the pipe wall. As stated in Chapter 4, 
diffusion within a  pipe can be described as follows:
d C  _  D  d  d C  
d t  r  d r  d r
~ k bC
rRn
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
where
r  =  radial distance (centerline is r  =  0)
C =  concentration (mg/L)
D =  molecular diffusivity o f  chlorine/chloramine, 1.3 x  10*8 ft2/se c o r  1.1 x 10*3
The model assumes a completely homogeneous concentration throughout pipe 
at time = 0. The solution to Equation 4-44 allows the determination of the chlorine 
concentration a t any radial distance from the centerline o f the pipe. To determine an 
average chlorine concentration, the concentration was calculated a t the reference point r  
=  0.707R. At this radial distance from the center, there are equal volumes o f water on 
each side of this point (Figure 6.9).
ft2/d
kb =  bulk decay coefficient, l / d
The finite solution was determined to be:
-  J 0 n ~  - D i r t
QEq 4-44^
EQUAL VOLUMES
Fig. 6.9: Radial Coordinate System for Calculating 
Average Chlorine Concentrations
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Equation 4-53 was set up within a  Microsoft Excel spreadsheet which already 
contains the Bessel function values for Jo and Ji. As a sample solution, water within an 
8-inch diameter pipe is allowed to remain motionless for 24? hours. Under these 
conditions, over 95% o f  the original chlorine residual will still be present ( a t reference 
point r /R  = 0.707) if bulk decay is neglected. However, for smaller pipes, the effects o f 
diffusion on disinfectant decay become more significant. Table 6.11 and Figure 6.10 
provide decay coefficients, koiFF, attributed to disinfectant diffusion to the pipe wall. 
The koiFF values were calculated assuming first-order kinetics. Refer to Appendix A for 
a complete solution for each diameter o f  pipe.
Table 6.11: Decay Rate Coefficients for Diffusion o f Various Pipe Diameters
Size Chlorine Concentration
(in) 0 day 0.5 day 1 day 2 day kDIFF
(mg/1) (mg/1) (mg/1) (mg/1) (1/d)
4? 2.0 1.7 1.3 0.9 0.42
6 2.0 1.9 1.7 1.4? 0.20
8 2.0 2.0 1.9 1.7 0.10
10 2.0 2.0 2 1.8 0.04
12 2.0 2.0 2.0 1.9 0.02
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4 6  8 10
Pipe Diam eter (in)
6.10: Decay Rates o f Chlorine due 
to Diffusion to the Pipe W all
12
As shown in Fig. 6.10, the effects o f decay due to diffusion become minimal beyond 
the 8-inch diameter range. Corrections should be made to the Table 6.11 when 
predicting decay in a fu lly tubercled cast iron pipe. Previously, a relationship between 
smooth and tubercled pipe was developed where D ia rough =  0.90 D ia smooth. This 
relationship can be used to evaluate decay at the pipe w all under no flow conditions in a 
tubercled cast iron pipe. Table 6.12 presents the decay coefficients w ith adjustments to 
the pipe diameter to reflect interior surface profiles found in cast iron pipe.
Table 6.12: Adjusted Diffusion Decay Rates 
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6.3.2 Conclusions
W hile this model was developed for zero flow applications, the results can also 
be applied for lam inar flow conditions where the velocity profile remains relatively 
constant. Under turbulent flow, the m ixing action negates the effects o f diffusion and 
advective transport predominates in transporting the disinfectant to the pipe wall.
I t  is important to note that in many models, diffusion is not considered in the 
decay model. This assumption can be very valid for the following reasons:
1.) M any models skeletonize their pipe networks. Smaller pipes are not included in 
the model calculations.
2.) These larger pipes convey a larger flow and therefore approach turbulent flow  
conditions where advective transport is the dominant mechanism.
When considering decay mechanisms in smaller diameter pipe (8-inch and 
smaller), diffusion does become important. Smaller pipes have a significantly higher 
decay than large diameter pipes. For example, a 6-inch diameter pipe has a diffusion 
rate five times greater than a 10-inch diameter pipe (Table 6.11). A t low flows 
(Re<2000), advective transport is not a predominant factor. The lack o f advective 
transport means other mechanisms are active when predictive models fail to correlate 
w ith field data.
Therefore, the term, koiFF, should be considered under non-turbulent conditions as 
shown in Equation 6-3,
K  =  kb +■ kyj. +- k IKOtr +  kDlFF + k HPC QEff 6-3^
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6.4 Iron Release in Cast Iron Pipes
6.4.1 Introduction
Iron release from cast iron pipes was also investigated as a possible source of
disinfectant decay. Tubercle grow th occurs when iron is released into the bulk phase
and is subsequently redeposited on the pipe wall in the form o f an iron complex
precipitate. For cast iron pipe, tubercles are physical evidence that iron release could be
a significant disinfectant decay mechanism with the pipe. Therefore, iron release was
considered to be an appropriate parameter to consider as an additional decay sink.
Current literature provides conflicting observations regarding the role of
chlorine and oxygen in regards to iron corrosion. McNeill (2001), Snoeyink (1996), and
Rossum (1987) provide considerable information regarding the role o f dissolved oxygen
in iron corrosion. Their work describes iron corrosion as predicated upon the presence
o f oxygen within the .water.
However, Vasconcelos e t al. (1996) provide extensive field and laboratory
analysis regarding iron corrosion. Their work supports the premise that chlorine
dominates the reaction, even in the presence o f dissolved oxygen (DO). This reaction is
shown as:
Fe0'  -> IF e2* +2e~
2Fez+ + H O C r  ->  2Fez+ +Cl +OH~ [T q  2-28]
Vasconcelos et al. (1996) indicate that chlorine will predominate the iron corrosion for 
pH ranges o f 6.5 to 8.5 and dissolved oxygen (DO) o f 0 to 44 m g/L . As a point o f 
reference, the DO levels on the Norfolk Naval Base range between 5 to 10 m g/L.
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M cN eill and Edwards (2001) presented complete literature o f iron corrosion and
scenarios in distribution systems. Therefore, for cast iron pipe, iron release under low  
flows may be significant. Figure 6.11 is a conceptual model o f the iron release 
mechanism for cast iron pipe.
6.4.2 Analysis of Data
Because iron release into the bulk solution is a potentially important source of 
disinfectant decay, a stochiometric model was made with following assumptions:
1.) After Fe° is converted to Fe-+, chlorine/chloramine will dominate the oxidation 
of ferrous iron. Dissolved oxygen is not a significant sink for iron oxidation.
2.) The decay rate coefficient for iron corrosion shall be designated as kiRON.
3.) The term  kiRON shall be developed as a first order expression.
4.) Initial chlorine residual levels do not influence chlorine consumption 
(Vasconcelos e ta l 1996).
found three studies documenting the iron release during stagnant and low flow
Feg-fr Shed from Pipe Wall
r I .  Iron Oxidized by Reaction
\ l  \ __ with Disinfectants in
/  j Bulk Solution
S \ Disinfectant 
(A Penentrating Boundary Layer
j \  Diffusive Boundary Layer
Fig. 6.11: Conceptual Model o f Disinfectant Transport to the 
Pipe W all and Iron release to the Bulk Solution
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5.) Iron release may be more significant under zero flow scenarios (McNeill 2001).
Iron measurements include Sampling Phase 3 and * from the periods o f 2000 
through 2002. No samples were collected during free chlorine disinfection (Phase 2). 
To determine a decay rate coefficient attributed to iron, a solution spreadsheet was 
developed within Microsoft Excel. Complete results and calculations for the five cast 
iron sites are provided in Appendix B. Monochloramine oxidizes ferrous iron as 
follows:
6Fez* +3NH zCl ->  N Z+ N H 3 +3CZ" + 3 /T
From a mass balance perspective, 2 M  Fe‘2+ consumes 1 M NHaCl. This equates to 1- 
m g/L  monochloramine consumption for every 0.75 m g/L  of iron in solution. F irst 
order decay was assumed and a first order expression In terms o f iron release. Table 
6.13 provides sample data for a particular test site, SP-90, during the summer o f 2001.
Table 6.13 Iron Related Decay Coefficients, kmoN, for 8-inch Cast Iron Pipe at
SP-90 (Summer 01)
1 2 3 4 5 6 7 8 9





Gpm m g/L m g/L mg/L mg/L mg/L mg/L d l/d
0 0.12 0.47 0.35 0.47 2.56 2.09 1.0 0.2
0 0.08 0.63 0.55 0.73 2.66 1.93 1.0 0.3
4 0.14 0.38 0.24 0.32 2.58 2.26 0.2 0.7
5 0.23 0.43 0.20 0.27 2.50 2.23 0.2 0.4
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W here
Feo =  in itial iron concentration at t= 0
Fei =  final iron concentration at end o f sample event, t= ti
C lc =  chlorine/chloram ine consumed by iron
t =  length o f sample test
kiRON =  decay rate for chlorine/chloramine attributed to iron release (1 / day)
Table 6.14 provides a summary o f the iron sampling from January 2000 through March 
2002.
Table 6.14: Summary o f Iron  Release Testing for Cast Iron Pipe— Phase 3 and 4
Site Size Zero Flow Flow
Cast Iron (in) #  Tests #  Iron 
Releases





SP-90 8 10 5 6 5 0.2 0.2
M-48 10 8 6 6 0 0.4 0.5
SDA-203 8 8 7 12 2 0.6 0.8
LAG-110 6 8 3 5 1 0.2 0.2
NM-59 6 5 1 2 0 0.1 0.1
6.4.3 Zero Flow  Sample Collection
D uring  flow sample events, a meter test rig  was attached to the hydrant and 
water flowed continuously though the hydrant and meter. However, under zero flow  
sample events, the meter test apparatus was not attached to the hydrant. Instead, the 
fire hydrant was slowly opened to gently flush the hydrant barrel w ithout sloughing 
any material from  the pipe.
Due to the procedure followed for zero flow events, there was some concern that 
the samples would become skewed i f  the dry barrel o f the hydrant sloughed iron into
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the water sample each time the hydrant was operated. In this region o f the country, dry 
barrel hydrants are used due to freezing winter conditions. The barrels o f the hydrants 
are manufactured o f gray cast iron (AWWA 1994) and could possibly contribute to the 
iron levels in solution. I f  this were the case, the iron levels and chlorine demands would 
be misrepresented under these conditions.
To determine if  fire hydrants were a potential source of iron, iron concentrations 
were also monitored from non-cast iron pipe areas during flow and zero flow periods. 
However, sampling for PVC, transite and ductile iron pipe indicated that no significant 
iron release occurred under any flow conditions. As the hydrants on these grids were 
also manufactured with gray cast iron, elevated iron levels would have been present in 
these areas as well.
6.4.4 Iron Release Observations
Due to the variability o f measurements and the limitations o f the testing 
equipment, an iron release event was only considered to have occurred if the iron 
concentrations increased a t least 0.2 mg/1 over the sample period. Iron release 
occurred during all flow regimes. No flow tests exceeded a 12-gpm flow rate. More 
iron release episodes occurred under zero flow conditions than under a flow scenario. 
Table 6.15 provides a  summary o f average zero flow and flow kiRON values for each site.
Table 6.15: Average kmoN values for Sites under Zero Flow 
and Flow Conditions
Decay Rate Coefficient kiRON ( l/d )
SP-90 M-48 SDA-203 L A G -110 NM-59
“0” Flow 0.1 0.7 1.2 0.2 <0.1
Flow 0.4 0.1 0.2 0.1 0
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W ith  the exception o f SP-90, zero flow  conditions resulted in larger number o f iron 
release episodes. No significant seasonal variations were noted in relation to iron 
release for any flow condition.
SDA-20S exhibited the highest iron release rates o f any test site. W hile  this site 
is w ithin a well-looped area, there is very little  water consumption in the area. W ater 
quality in this area is historically very poor in terms o f chlorine/chlormaine residuals 
and HPC counts. “C” factor tests in this area indicate a heavily tubercled pipe. Visual 
inspection a pipe coupon from this area also indicate an established biofilm.
NM-59 indicated no significant releases a t any time. This pipe section is a dead­
end line with no domestic water consumption. Therefore, dissolved oxygen (D O ) levels 
are depleted. McNeill (2001) noted that water void o f DO  will not tuberculate. This 
finding is also confirmed with sample C-factor data from the Naval Base water system. 
In  1997, this student conducted a “C" factor test on a  cast iron 8—inch line on a 
designated fire system with no w ater consumption. The flow test yielded a “C" factor o f 
88, which is consistent with little o r no tubercle formation- Physical examination of 
three separate pipe sections from a different section o f the fire system grid confirmed 
that tubercle growth was absent without the presence o f DO .
This sample data suggests that tubercle growth is an essential factor for iron 
release in cast iron pipes.
6.4.5 Conclusions
W hile  the sample data provides very different ranges o f results, the following  
observations can be made:
1.) Iron release can occur under no flow and flow  conditions.
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2.) Iron release can be very sporadic. Under this sampling period, iron release was 
found in 56% (22 o f 39) o f the zero flow events and in only 22% (7 o f 31) o f  the 
flow events. These results suggest that iron release is more prevalent under 
stagnant or quiescent conditions. McNeill (2001) also noted this same 
phenomenon in a Netherlands w ater system.
3.) McNeill (2001) reported that tubercle grow th is not present in DO depleted 
zones. Evidence to support this relationship was observed in a “C” factor test 
conducted in 1997. As observed a t the NM-59 site, the lack o f tubercle growth 
appears to significandy reduce iron release.
*.) W ater distribution grids with historically poor chlorine/chloramine residuals
generally experience heavy tubercle growth and active biofilms. As evidenced 
by SDA-203, these pipes experience higher iron release rates than other areas.
5.) Iron release did not follow a seasonal pattern, nor did it significantly increase 
during the summer months as expected.
6.) The length o f these sample events generally ran less than 8 hours. I t  Is possible 
that iron release could be delayed and become more pronounced under longer 
time frames. However, during these sample periods, the overall chlorine 
demand (in-situ) was very significant. Extending the timeframes would have 
depleted all the chlorine in these areas and not improved the iron release 
measurements.
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6.5 M icrobial Detachment and HPC
6.5.1 Introduction
As described earlier in Chapter 6, field sampling indicated other sinks beside 
bulk decay and wall demand (as governed by mass transfer). Table 6.16 shows the 
highest decay rate constants observed for each pipe class. Cast iron pipe exhibited the 
highest overall decay rates.
Table 6.16: M axim um  “K” Values for all Pipe Classes
Class M axim um  Recorded “K‘ 
Values
Free CL> Chloramine





Table 16.7 shows the range o f values recorded for each class of pipe with respect to the 
identified sinks.
6.17 Range o f Values for Identified Decay Rate Coefficients for Cast
Cast M axim um  Recorded “K' 
Values
Free C l* Chloramine
(d a y 1) (d a y 1)
O verall K 0.8- 7.4 0.1-8.8
kB 0.4-1.0 0.05-0.40
k D I F F * 0-13 0.13
kiR O N No data 0.1-1.2
*koiFF values represent 8” diameter tubercled pipe
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Because cast iron exhibited such a significantly higher overall demand than 
PVC, ductile iron or transite, one last decay sink was identified as microbial detachment 
from the pipe wall into the bulk solution. The decay rate constant was termed kHPC and 
was a separate parameter from bulk decay. Bulk decay would account for any microbial 
detachment a t the initial sample collection (i.e. t  = 0). The term  kupc reflected any 
further microbial detachment occurring during the course o f  the sample period. This 
overall decay can be described in terms of the following rate constant:
K  = kb + + ^iRO N  ■ *" ^D IFF + k HPC QEq 6-3^
where K = overall disinfectant reaction rate constant 
kb  = bulk decay rate constant
k v iT  = decay rate constant attributed to mass transfer to pipe wall 
kmoN = decay rate constant attributed to iron release from pipe wall 
kDtFF =  decay rate constant attributed to disinfectant diffusion to pipe wall 
kHPC = decay rate constant attributed to microbial wall shed events
6.5.2 Biofilm Detachment from Pipe Walls
In response to a deficit o f  quantified sinks within the model, the role o f biofilm 
that is released (or shed) from the pipe wall was investigated. Iron release, diffusion, 
mass transfer and bulk decay were observed no t to account for the total decay measured 
within cast iron pipe. To identify an additional chlorine sink, the possibility of 
microbial wall sheds was investigated.
Between August and December 2000, samples were collected and analyzed for 
HPCs by the R2A method at the Naval Base routine bacteriological test sites. This 
sampling was initiated to study how HPC concentrations in the distribution system
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
138
change after switching to chloramines. Seventy-six sites were sampled during this 
period and the results for 41 sites are tabulated in Table 6.18. This sample pool was 
limited to 41 sites for the following reasons:
1.) Sites must have a pre and post-chloramination sample so that results could be 
compared.
2.) Any post-chloramination samples collected in October 2000 were discounted. This 
month was considered a transition period as chloramines were first introduced into 
the system.
Table 6.18 HPC Sampling at Naval Base Routine Bacteriological Sites
#  Sites %Total Code Description
17 41% HPC drop HPC count decreased




HPC counts increased significantly after 
chloramination
1 2.5% No Change No change in HPC counts but both 
readings >200 cfu/ml
1 2.5% High/High Both readings were >5700 cfu/ml
Table 6.18 provides mixed results in regards to the benefits o f chloramines with 
respect to HPC’s. Because o f the higher water temperatures, HPC activity will be 
generally higher in August (when chlorine was still being used) than November, and 
this may slighdy skew data so that it appears chloramines maintained lower HPC levels. 
However, the data suggested that HPC activity still remained active within certain 
areas o f  the water distribution system after a conversion to chloramines.
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6.5.3 N orfolk and V irg in ia Beach U tilities’ Experiences w ith  H P C  Data
Norfolk and Virginia Beach Utilities were contacted to determine whether HPC 
activity was a significant issue in their respective water systems. Norfolk began HPC 
sampling (R2 A) method in 2002. Their sites were selected based on their location in the 
more extreme ends o f the system to represent a maximum residence time (Land 2002). 
Table 6.19 shows their results. HPC results were zero for the finished water leaving 
the two water treatm ent plants, 37th Street and Moores Bridges.
Table 6.19 dPC Sample Results — C ity o f Norfol c
Norfolk #  Sites Low High Average
(cfu/mL) (cfu/mL) (cfu/mL)
M arch 02 11 0 505 146
A pril 02 12 0 101 46
For several years, Virginia Beach has been analyzing all o f its bacteriological 
sample points for HPC (R2A method). Virginia Beach has seasonal variations in HPCs 
related to water temperature. HPC levels increase in the system during the summer 
relative to colder periods o f the year (Sadowski 2002). W hen water temperature 
reaches 70°F, HPC counts increase with some plate counts being too numerous to 
count.
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6.5.4? Identification o f Disinfectant Decay Sink associated w ith Biofilm Detachment 
Based on the existing bacteriological data available for the Norfolk Naval Base, 
Norfolk, and V irg in ia Beach, it  appeared that detachment o f microorganisms from the 
pipe w all was a potential sink for disinfectant in the bulk solution. Distribution systems 
can be w ell populated w ith a diverse population o f microorganisms living w ithin the 
cast iron pipe environment. This population would be consistent w ith the life cycle o f 
microbial detachment that occurs in fixed film  wastewater treatment processes (e.g., 
trickling  filter) and it would be expected that sim ilar detachment would occur in water 
pipes (Figure 6.12).
Fig. 6.12: Conceptual Diagram  o f M icrobial Occurrence and Reactions 
in a Distribution System (excerpted from Montana CBE)
Evidence o f the deterioration o f water quality that can occur in a distribution 
system was evidenced by eight water samples collected on Base in M arch 2002. Four 
samples were collected from incoming water meter feeds to the Base and four samples
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were collected from the ends o f the distribution system. The four water feed locations 
contained H PC counts o f90-230 cfu/m L while the ends o f the distribution system were 
characterized by HPC counts o f830 to >5700 cfu/m L (Table 6.20).
T able 6.20 HPC Results from  (8) Base Sites
S ite H P C Site H P C
Incoming (cfu/m L) Outer Areas (cfu /m L)
Gate 4 160 SP-356 >5700
P -l 230 V-146 830
Gate 5 90 Q-57 >5700
Southmat 220 SDA-215 >5700
Chloramine residuals were above 2 m g /L  at the incoming meter feeds. A t the 
four remote ends o f the system, only one site, V-146, even maintained a residual. These 
results confirm the bacteriological deterioration that water experiences as it travels 
from the treatment plant through a distribution system.
6.5.5 Relationship between HPC, Pipe M aterial, and Flow Condition
Phase 4 results include H PC sampling. D uring the data collection, two samples 
were collected for each time interval. Each sample was prepared at 1 ml and 0.1 ml 
dilution rates. For each time period, the highest readings from the each sample were 
averaged together for one composite result. In  each case, the o .l m l dilution provided 
the highest result. Results were tabulated according to the example in Table 6.21.
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Table 6.21: HPC Tabulation Methodology
Sample l  A C F U Result Reported
1 ml 67 67 -
0.1 ml 12 120 120
Sample 2B
I ml 100 100 -
0.1 ml 30 300 300
Average 210
T o  fully describe the parameter kHPC, Tables 6.22, 6.23, 6.24, and 6.25 compare 
the change in HPC densities over time in various pipe materials. In  these tables, the 
follow ing terms are represented:
HPCo =  HPC results at beginning o f sample period, t  =  0 
H P C i =  HPC results at end o f sample period 
D elta  =  H P C i- HPCo , negative values are reported as zero 
Values for K  and kB are included to provide an indication o f the overall decay 
mechanism.
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Table 6.22: HPC Counts from Cast Iron Pipe Areas
Location Flow K ks HPCO HPCi Delta
(gP*n) (l/day) (l/day). (cfu/ml) (cfu/ml) (cfu/ml)
SDA-203 0 3.50 0.21 115 505 390
2.6 2.16 0.48 575 455 0
4.1 3.38 0.43 505 655 150
SP-90 0 0.44 0.10 120 285 165
4 0.47 0.08 65 10 0
M-48 0 2.49 0.13 190 315 125
5.1 0.62 0.10 1665 1195 0
LAG-110 0 1.27 0.15 70 35 0
0 2.11 0.16 465 800 335
NM-59 0 1.22 0.17 225 406 181
2.8 0.32 0.17 640 70 0
Table 6.23: HPC Counts form Transite Pipe Areas
Location Flow K kB HPCO HPCi Delta
(gPm) (l/day) (l/day) (cfu/ml) (cfu/ml) (cfu/ml)
Q- 99 0 0.66 0.17 105 350 245
2 0.61 0.16 230 130 0
6 0.15 0.12 110 75 0
NM-71 0 0.33 0.17 89 6 0
0 1.29 0.31 1180 470 0
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results from all pipe classes were considered to be accurate and representative o f the 
field conditions.
6.5.6 Conclusions
I t  is extremely important to stress that the term  kHPC was not a directly 
measured parameter. In  contrast, the other decay sinks were calculated as follows:
•  Overall decay and bulk decay were directly measured and calculated from field 
measurements
•  Iron release decay was calculated based on iron concentration levels within the 
water
•  Decay by diffusion o f chlorine to the pipe wall was calculated by solution of a partial 
differential equation
• Mass transfer was calculated by the modification o f existing mass transfer 
expressions
Conversely, disinfectant decay attributed to microbial detachment from the pipe wall 
was calculated according to Equation 6-10.
k hpc ~  K  — kb — — klR0N — k DIFF QEq 6-10^
In this case, kHPC was determined by subtracting all other quantified sinks. Twenty-six 
separate sample events were conducted to determine whether a microbial detachment 
resulted in a higher overall disinfectant demand.
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Cast Iron  P ipe
Based on H PC  counts, microbial shed events are more common in cast iron pipe. 
O f all the pipe classes, 1c h p c  was most significant for cast iron pipe. Once flow is initiated 












Figure 6.13: H P C  Colony Increases vs Flow  for Cast Iron  Pipe
Upon examining a specific site, Figure 6.14 demonstrates that chloramines 
reduced the overall disinfectant decay rate. The results from  Summer 2000 were 
collected during free chlorine disinfection. The remaining sample periods were 
collected after chloramination began. These data suggest the following:
•  Chloramines reduce the overall biological activity w ithin the w ater pipe and thus 
decrease the term, kupc
•  W arm er water temperatures increase the biological activity and as a result Rhpc 
increases
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
147
♦  Summer 00 
—■ —W inter 01 
A Summer 01 
x  Fall 01 
—HC— W inter 02
0 2 4 6 S
Flow  (gpm)
F ig. 6.14: Decay Rate Constant, Ichpc v s .  Flow  for SDA-203 Cast Iron  Pipe
Transite and Ductile Iron Pipe
These data correlated well w ith comparing overall demand w ith increased HPC  
colony counts. W hen there was an increase in the overall decay QK^, the H PC  analysis 
was very good at identifying microbial detachment. In  addition, there were times when 
no apparent detachment occurred and the HPC analysis reflected this as w ell. W hen no 
microbial detachment occurred, the parameters ka and kDirr adequately reflected the 
overall decay under zero flow conditions. Transite and ductile differed from the other 
classes o f pipe in that microbial detachment did not occur predictably under each zero 
flow sample period. Figure 6.15 illustrates this difference in H PC results w ith  respect 
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Fig. 6.15: HPC Colony Increases vs. (K-1vb) for Ductile
Iron Pipe under Zero Flow
PVCPipe
PVC provided the least microbial shed events for all classes o f pipe. The PVC  
pipe was the newest pipe in the system (installed 1999-2000) and thereby had less tim e 
for a biofilm to proliferate. In  addition, PVC appears to be more biologically “inert" in 
terms o f a reactive pipe surface.
W hen water became stagnant in a dead end line, microbial growth did appear 
to become relevant as evidenced by the 6-inch dead-end line results. However, this 
decay was a much lower order o f magnitude than in cast iron.
Tw o samples were collected during each sample collection interval. Each 
sample was subsequently split and run at two dilution rates, 1 ml and 0.1 ml. D uring  
the research, the 0.1 ml dilution rate consistently provided the highest plate counts.
D uring the research, it  was not possible to correlate a Ichpc value that related to 
a numeric HPC result. However, these data strongly supports the following  
observations:
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1.) HPC colony densities increase over tim e.
2.) M icrobial w all shed events occur more frequently under zero flow conditions.
3.) As Re values approach 3000, the w all shed events appear to diminish. For relatively 
clean pipe, bulk decay and diffusion adequately quantify the overall chlorine demand 
under no flow conditions.
4.) In  terms o f microbial detachment influencing overall decay rates, the most reactive 
pipe classes can be ordered as cast, transite, ductile iron, and PVC.
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7. RESULTS AND ANALYSIS OF DECAY MODELS FOR PVC, 
DUCTILE IRON, AND TRANSITE PIPE
7.1 Introduction to Presentation o f Data
The decay model was based on Equation 6-3 where:
K  = kb + km  +  k IRON +  kDlFF +  k HPC (T q 6-3]
A ll the decay parameters can be classified into four categories as illustrated in Figure 
7.1.
Column (A) Column (B) Column (C) Column (D )











k iu * c
Mass










Fig. 7.1: Categorization o f Individual Decay Parameters for Overall 
Disinfectant Decay w ithin the W ater Pipe
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Lastly, Column D calculates the decay rate constant, Ichpc which represents
microbial detachment from the pipe wall biofilm. This value is calculated after all other
parameters have been optimized and is calculated according to Equation 6-3.
IRON DIFF QEq 6-33
7.2 Application o f Mass Transfer Expressions for Smooth Pipe
For smooth pipe (PVC, Transite and Ductile Iron), mass transfer was examined 
under two separate scenarios.
Scenario 1: Hausen equation QEq 4—73 f°r  laminar flow and the Lenton Sherwood 
equation £Eq 4-53  for turbulent flow.
Scenario 2: Lenton Sherwood QEq 4-43 equation used regardless o f flow.
As shown in Figure 7.2 there is a discontinuity in the mass transfer coefficient, 
kr, when transitioning between laminar and turbulent flow.
0.70
0.60
♦ — Turbulent F lo w !
0.20
0.10
- - • * -Laminar &
Turbulent Flow
0 .00  r - -~~" ■----------- !------------s------------ -
0 2 4 6 8
Flow (gpm)
Fig. 7.2 Flow vs. kr C hart for 6-inch pipe
10 12
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7.3.2 Reactions and Fate o f Free Chlorine (Phase 2)
D uring Phase 2, there was relatively little  pipe w all interaction. As these pipes 
were installed during the 1999-2000 timeframe, no biofilm  had developed along the pipe 
w all. Therefore, the term  kHPC was considered to be zero. Under no flow, overall decay 
can be represented by K  =  kb +  kDlFF. Figure 7.3 compares a sample prediction based 





g 0.4- -  
o
U  0 .2  --
0
1 Tim e (d)~ 3 4
Fig. 7.3 Sample Prediction Comparison between Field and Model 
Results, In itia l Chlorine Cone =  1 m g/L , t  =  72 hours
Under flow conditions, two runs were conducted at 10 gpm (Re =  2600) and 13 
gpm (Re =  3400) respectively. No runs were conducted in the lam inar flow range. The  
existing models correlated w ith field results. In  the turbulent flow range, 1c d i f f  is 
neglected. I t  appears that the turbulent flow model adequately covered all the mass 
transfer. A  wall demand o f kw =  0.02 ft/d ay  fit the model.
7.3.3 Reactions and Fate o f Chloramines (Phase 3 and 4)
Under Phases 3 and 4 , field results indicated relatively little  pipe w all 
interaction. As in Phase 2 sampling, overall decay under zero flow conditions can be 
represented by K  =  kb +  kDIFF.
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Under flow conditions, the best model correlation occurred with Scenario 2 
(turbulent flow with no diffusion). As in the case o f  free chlorine, the term  kHPC was 
considered to be zero. A wall demand o f kw = 0.03 ft/day  provided the best model fit. 
F o r illustrative purposes, Table 7.3 provides model predictions under Scenario 1 
(laminar flow) and Scenario 2.
Table 7.3: Model Comparisons for Laminar and Turbulent 
Flow Models, 12-inch PVC Pipe
Flow M easured
Param eters
Estim ate M odel
Result
(gpm) k« Kors kw Kcalc
Summer 01 (l/day) (l/day) (ft/day) (l/day)
4.6 0.18 0.25 0.03 0.27
7.1 0.21 0.33 0.03 0.31
8.5 0.20# 0.37 0.03 0.30
Spring 02
6.7 0.07 0.17 0.03 0.17
♦Value adjusted for fit
For illustrative purposes, Figure 7.4 compares three flow tests conducted under 
chloramination during Summer 01. The overall disinfectant decay (K) is provided for 
the field measurements, Scenario 1 (laminar flow) and Scenario 2 ( turbulent flow). As 
shown in the figure, Scenario 1 and 2 provided identical model predictions.








2.0 4.0 . 6.0 8.0 10.0
Flow (,gpm)
Fig. 7.4: K- Value Comparisons for Laminar and Turbulent Flow 
Models, 12-inch PVC Pipe
All four flow tests were conducted over a 6-hour time period. Figure 7.5 
illustrates the actual chloramine concentrations at the start and finish o f the test period 
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Fig. 7.5: Observed and Predicted Chloramine Concentrations vs. Flow 
for 12-inch PVC Pipe over a 6-Hour Period
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7.3.4 Disinfectant Decay and the Role o f Biofilm. Detachment
Characterization o f HPC and relating this to disinfectant consumption was the 
focus o f  Phase 4. Table 7.4 contains the HPC sample results. As shown by these 
results, HPC counts within the system varied substantially. The PVC sample data 
indicated that no significant changes occurred in HPC counts during zero flow and flow 
events. Therefore, for relatively “clean” pipe such as PVC, the term kHPC will not be a 
significant value.
Location Flow K kit K-k> HPCo H P C i D e lta
(gpm) (l/day) (l/day) (l/day) (cfu/ml) (cfu/ml) (cfu/ml)
CA-14 0 0.00 0.00 0.0 125 160 35
6.7 0.16 0.07 0.1 0 5 0
X-16 0 0.00 0.00 0.0 1020 775 0
CA-14 0 0.30 0.15 0.2 18 240 222
(6" dead end)
7.3.4 Seasonal Variations in Decay in PVC Pipe
For chloramines, winter bulk decays were less than summer values. The 
average bulk demand, Rb value for Summer 01 was 0.22 d a y 1 while the average kB value 
for W inter 02 was 0.11 d a y 1.
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7.3.5 Conclusions and Observations for PVC Pipe
The following observations can be made:
1. Under zero flow, bulk decay and diffusion adequately represented the overall decay.
2. Under flow conditions, turbulent flow characterization provided the best results. A 
separate term  for diffusion is not needed since transfer to the pipe wall is primarily 
due to advective flux and is described sufficiently with the Lenton-Sherwood 
equation.
3. Bulk decay is temperature dependent. For chloramines, summer bulk decay rates 
were two times higher than the average bulk decay rates for the winter.
*. From an overall decay standpoint, free chlorine and chloramine were effective at 
maintaining a residual concentration within the pipe.
5. For this research, kw values were 0.02 ft/day  (free chlorine) and 0.03 ft/day 
(chloramines). These low values indicated very little influence from a pipe wall 
biofilm.
6. The term  kHPC was not necessary to correlate model results with the field results. 
This suggests very little if any microbial detachment occurred within the pipe.
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7.4 Ductile Iron  Pipe Results
7.4.1 Introduction to Results
Tw o sites, A-67 and CEP-127, were the ductile iron test locations. Appendix C  
contains the results o f the field experiments and the model runs. Data collection was 
lim ited because the existing mass transfer expressions correlated closely w ith the 
smooth pipe and relatively “clean" wall surface found in ductile iron. Therefore, further 
investigation was not warranted. Tables 7.5, 7.6, and 7.7 summarize the test data.
Table 7.5: Summary o f Test Runs- Ductile Iron  Pipe
D u ctile #  o f  T e s t Runs
Phase 2 Phase 3 Phase 4 Total
Zero Flow 8 7 4 19
Flow 4 0 1 5
Table 7.6: Summary o f Decay Coefficients-A-67 Ductile Iron Pipe
K k * k w k » iT k lR O N k o iF F k H P C
(l/day) (l/day) (ft/day) (l/day) (l/day) (l/day) (l/day)
F ree C l.
No Flow 1.3-2.9 0.5-0.7 0 0 0 0.10 0.5-2.3
Flow 0.6-1.4 0.6—1.4 0.2 0.3 0 0 0
Chloram ine
No Flow 0.1-0.8 0.1-0.2 0 0 0 0.10 0-0.6
Flow 0.24 0.08 0.05 0.06 0 0 0
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Table 7.7: Summary o f Decay Coefficients- CEP-127 Ductile Iron  Pipe
K lb kw k»rr k lR O N koiFF kiipc
(l/day) (l/day) (ft/day) (l/day) (l/day) (l/day) (l/day)
F ree  C l.
No Flow 1.0-1.4 0.3-0.6 0 0 0 0.2 0.3-0.6
Flow 1.0 0.5 0.2 0.2 0 0.2 0
Chloram ine
No Flow 0-1.0 0-0.1 0 0 0 0.2 0-0.8
7.4.2 Reactions and Fate o f  Free Chlorine (Phase 2)
Under Phase 2, there was apparently some significant microbial shed events 
occurring under zero flow. U nder no flow, overall decay can be represented by: 
K —kb +  kDtFF +  k HFC
No HPC data were collected during Phases 2 and 3, so it can not be determined 
specifically whether microbial detachment occurred. However, Phase 4 data supports 
this premise with increased HPC counts corresponding with large overall decay rates, 
K, o f greater than 1.0 day*1.
Iron concentrations were not measured until Phase 3. However, Phase 3 and 4 
data did not indicate any significant iron release episodes as the m ortar lin ing protects 
the iron pipe w all surface. Therefore, it  is assumed that microbial detachment occurred 
under zero flow events. Figure 7.6 illustrates the average values for the decay sinks 
found during Summer 99 and Summer 00 sampling. These data reflect the average 
values o f four tests at each site.




□  Diffusion 
■  Bulk 
B  HPC
| =
A-67 C E P-127
Ductile Iron Sample Sites
Fig. 7.6: Average Values o f Individual Sinks for Ductile Iron 
Pipe under Free Chlorine Disinfection a t Zero 
Flow Conditions
In Phase 2 ductile iron sampling o f A-67 and CEP-127, the microbial wall 
detachment represented measured 68% and 48% o f the total demand, respectively.
There were only four tests for free chlorine flow data. For unknown reasons, a 
homogeneous concentration o f disinfectant could not be obtained throughout the entire 
test loop section. As a result, two o f the tests exhibited no decay within the pipe 
environment. However, for the remaining test at each site, satisfactory results were 
compiled with two scenarios:
•  Scenario 1 -  laminar flow plus diffusion
•  Scenario 2 -  turbulent flow with no diffusion
Because the pipes range in diameter between 6 to 8 inches, diffusion becomes more 
significant under laminar flow conditions. Model comparisons indicate the diffusion 
term, koiFF is not needed when applying turbulent flow equations. The original
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diffusion model was developed for quiescent conditions which are not present when 
Re>2300. Both model predictions under lam inar and turbulent flow provided accurate 
results (Table 7.8 and Figure 7.7).
Table 7.8: M odel Comparisons for Laminar and Turbulent 







(gpm) ks Kobs kw Kcalc Kcalc
A-67 (l/day) (l/day) (ft/day) (ft/day) (l/day)
1.8 0.88 1.27 0.20 1.12 1.23
CEP-127





*  0-8 
U
gj 0.7
: — A— Scenario 2
0 2 6 108
Tim e (hours)
Fig. 7.7: M odel Prediction Comparison between Scenario 1 and 2, 
A-67 Site 8-inch Ductile Iron  Pipe, Fall 1999, Flow  =  
1.8 gpm, t  =  8 hours
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W all decays o f 0.15-0.20 ft/d a y  provide a good fit. I t  is interesting to note that 
this w all demand is 7.5 — 10 times higher than the PVC pipe (0.02 ft/day) under free 
chlorine scenarios. This higher value for kw  appears consistent w ith the premise that a 
biofilm  is established on the pipe w all. Likewise, it  appears justified that the term  kHPC 
appears in the zero flow models during microbial detachment episodes. Sites A-67 pipe 
and CEP-167 pipes were installed in  1994 and 1976 respectively. This strongly 
supports the premise that a biofilm  can be established in less than six years time.
7.4.3 Reactions and Fate o f Chloramines (Phase 3 and 4)
Following the switch to chloramines, microbial detachment events still appeared 
to occur under zero flow conditions. Under no flow, overall decay can be represented 
by K  — kb -i- kDlFF +  kHPC. However, the term  kHPC was calculated in only 25% o f the 
eight tests conducted under zero flow conditions. This finding indicates that 
chloramines can be effective at penetrating the biofilms on smooth pipe surfaces 
(Figure 7.8).
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□  Diffusion
A-67 C E P -127
Ductile Iron Sample Sites
Fig. 7.8: Delineation o f Individual Sinks for Ductile Iron  
Pipe under Chloramines at Zero 
Flow Conditions
Under flow conditions, only one field test run was conducted. For this one test, 
the field results correlated w ith the model results under both model runs:
•  Scenario 1 (laminar flow plus diffusion)
•  Scenario 2 (turbulent flow w ith no diffusion)
Figure 7.9 illustrates the model fit. Because the ductile iron pipes range in diameter 
between 6 to 8 inches, diffusion becomes more significant due to a higher pipe surface to 
bulk liquid volume ratio.


















Fig. 7.9 Sample Prediction Comparison between Field and Model
Results for A-67 Site 8-inch Ductile Iron Pipe, W inter 2002, 
Flow = 1 .5  gpm, t  =  4 hours
Wall decays o f 0.05 ft/day  were needed to provide a good fit between 
experimental and modeled results. I t  is interesting to note that this wall demand is 
lower than ductile iron under free chlorine conditions. These data suggest that 
chloramine is less reactive with the biofilm and penetrates further into the biofilm than 
free chlorine.
7.4.4 Disinfectant Decay and the Role o f Biofilm Detachment (Phase 4)
As shown by the results in Table 7.9, biofilm detachment as characterized by 
HPC counts did not appear to be significant in ductile iron pipe. There was only one 
instance (CEP-127) o f  a significant HPC increase.
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Table 7.9: H PC  Results and Related Decay Parameters — Phase 4
Location F lo w K ka K -k . H P C o H P C l D e lta
(SPm) (l/day) (l/day) (l/day) (cfu/ml) (cfu/ml) (cfu/ml)
CEP-127 0 * * * 95 120 25
1 « 0.1 * 30 6 0
0 1.03 0.07 1.0 22 355 333
* denotes no decay observed durin jte s t
A-67 0 0.83 0.21 0.6 40 50 0
0 * * * 1270 1180 0
1.3 0.24 0.08 0.16 850 470 0
M icrobial detachment did not appear to be a necessarily predictable event. As 
evidenced by the results, the overall decay rate K was elevated in only one test for each 
site. However, the HPC counts do not necessarily reflect a biofilm  detachment episode.
Under one of the zero flow scenarios for A-67, the K-kB value reached 0.6 d a y 1. 
Because the flow was zero, only diffusion and biofilm detachment should be identified as 
the decay sinks. However, the iron levels increased from 0.12 m g/L  to 0.34 m g/L  over 
a 5.75-hour period. Using the same stoichiometric method developed in Section 6, the 
term kmoN was calculated =  0.60 d a y 1. This value is equivalent to the observed wall 
decay term  (K-kB) and would appear to be the source of the additional source o f decay. 
The iron source was undetermined but could be attributed to a cast iron valve servicing 
the fire hydrant.
There is one test (CEP-127 zero flow) which indicates an elevated overall 
demand K. In  this case, the term  kHPC does reflect in an increase in HPC densities from  
22 cfu /m L to 355 cfu/m L. Even in a situation where the in itia l HPC colony density 
in itia lly  exceeds 1000 cfu /m L (A-67 zero flow test), the term  kHPC w ill not be significant 
i f  the densities do not increase.
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7.4.5 Seasonal Variations in Decay in Ductile Iron  Pipe
For chlorine and chloramines, there were no significant variations between 
w inter and summer bulk decay rates, ka. However, overall decay rates did vary for free 
chlorine. For Site A-67, K - values reached an average o f 2,2 d a y 1 in Summer 1999 
under zero flow versus an average o f 1.3 d a y 1 in Fall 1999. This trend is consistent 
w ith that o f biofilm  activity was present in both seasons but potentially higher demand 
during the increased water temperatures o f summer.
7.4.6 Possible Benefits o f Chloramines vs. F ree Chlorine
Following the switch to chloramines, a reduction in the bulk decay, kB was 
observed. Average kB values for free chlorine and chloramines were 0.62 d a y 1 and 0.08 
d a y 1 respectively. Under zero flow conditions, total and bulk decays were much lower 
w ith chloramines than when free chlorine was the disinfectant (Table 7.10). As stated 
earlier, it appears that chloramine is more effective at penetrating biofilms where the 
pipe surface is smooth and homogenous. These data suggest that chloramine is less 
reactive w ith the biofilm  and penetrates further into the biofilm  than free chlorine.
Table 7.10: Comparison o f Average Decay Rates under Zero Flow  
Conditions
Free Cl* Chloramine
K ks K kB
(l/day) (l/day) (l/day) (l/day)
A-67 2.17 0.60 0.43 0.12
CEP-127 1.15 0.40 0.34 0.05
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7.4.7 Conclusions and Observations for Disinfectant Decay in Ductile Iron Pipe
The following observations can be made:
1. Under free chlorine conditions, the overall decay rate (K) ranged between 2 to 5 
times higher than the bulk decay rate (kB) during zero flow tests. This suggests 
microbial detachment episodes were prevalent under a free chlorine scenario. No 
HPC data is available for this time period but Phase 4 data supports this premise.
2. Under chloramine conditions, bulk decay ( k s )  and diffusion ( R d i f f )  adequately 
represent the overall decay (K ). In only one instance (1 o f 14 tests) did an HPC shed 
occur which significantly increased the overall decay rate.
3. Under flow conditions, a turbulent flow model provided the best results. A separate 
term for diffusion is not needed as the Lenton-Sherwood equation apparently 
compensates for this mass transfer.
4. From an overall decay standpoint, chloramines appear to be better than free 
chlorine at penetrating the biofilm. Overall decay rates for chloramines were 20- 
25% of the rates o f free chlorine. However, this must be tempered with the 
reduced disinfection power o f  chloramines.
5. Wall decay rates (kw) were reduced after switching to chloramines. W all rates were 
0.15-0.20 ft/day for free chlorine and 0.05 ft/day for chloramines. Again, this lower 
decay likely results in enhanced biofilm penetration.
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7.5 Transite Pipe Results
7.5.1 Introduction to Results
Sites CD-2, N M -71 and Q-99 are the transite test locations. Appendix C 
contains the results o f the field experiments and the model runs. O f all o f  the pipe 
classes, transite provided the poorest correlation between field and model results.
There was some difficulty in obtaining a relatively homogeneous chlorine residual 
throughout the pipe section at time, t  =  O. Field disinfectant concentrations would 
sometimes remain relatively stable through one tim e interval yet drop significantly 
during the following tim e period. In  terms o f goodness o f fit, the transite provide the 
poorest results. Several field measured K values had correlation coefficients (R -) o f less 
than 0.80. Refer to Tables 7.11, 7.12, 7.13, and 7.14? for a summary o f the model results.
Table 7.11: Summary o f Field Tests- Transite Pipe
D u ctile #  o f T e s t Runs
Phase 2 Phase 3 Phase 4 T ota l
Zero Flow 4 7 3 14
Flow 4 1 2 3
Table 7.12:: Summary o f Decay Coefficients- C D -2 Transite Pipe
K k i k« kurr klRON koiFF kHPC
(l/day) (l/day) (ft/day) (l/day) (l/day) (l/d ay) (l/day)
Free CL
No Flow 0.8-3.0 0.3-0.9 0 0 0 0.20 0-1.8
Flow 2.1-4.0 0.5-1.6 0.25 2.0-3.4 0 0 0-0.6
Chloram ine
No Flow <0.10 <0.10 0 0 0 0.20 0
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Table 7.13: Summary o f Decay Coefficients-N M -71 Transite Pipe
K ka kw ktir klROH koiFF kjipc
(l/day) (l/day) (ft/day) (l/day) (l/day) (l/day) (l/day)
Chloramine
No Flow 0.3-1.3 .04-0.3 0 0 0 0.1 0.1-0.9
Table 7.14: Summary o f Decay Coefficients- Q-99 Transite Pipe
K ka kw k»rr klR O N k o iF F kiipc
(l/day) (l/day) (ft/day) (l/day) (l/day) (l/day) (l/day)
Chloramine
No Flow 0.1-0.7 0.1-0.2 0 0 0 0.1 0-0.4
Flow 0.1-0.6 0.1-0.2 0.01-0.3 0.1-0.5 0 0 0
7.5.2 Reactions and Fate of Free Chlorine (Phase 2)
During Phase 2, results were varied. There were apparently some significant 
microbial shed events occurring under zero flow. Under no flow, overall decay can be 
represented by K  = kb + k DIFF + k HPC. No HPC data was collected during Phases 2 and
3. Therefore, it can not be determined specifically whether microbial detachment 
occurred. However, Phase 4 data supports this premise with elevated HPC 
concentrations corresponding with large overall decay rates, K, of greater than 1.0 
day*1.
Location CD-2 was the only test site for Phase 2. Under no flow conditions, 
microbial detachment represented a decay sink in 75% (3 out o f 4) o f the tests. 
However, the data varied considerably with kHPC values between 0.3 and 1.8 d ay1.
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Microbial detachment was the largest attributed decay sink for free chlorine scenarios 




Transite Sample Site 
Fig. 7.10: Average Values o f Individual Sinks for
Transite Pipe under Free Chlorine Disinfection 
at Zero Flow Conditions
Under flow conditions, there were four tests for free chlorine flow data. Model 
results were compiled with two scenarios:
• Scenario 1 -  laminar flow plus diffusion
• Scenario 2 -  turbulent flow with no diffusion
Because o f the widely varying data, none o f  the models provided consistent 
results for free chlorine flow conditions. Table 7.15 compares the results o f two flow 
tests conducted in October 1999. These results were correlated using Scenario 2. 
Table 7.15: Summary of Results: Fall 99 CD-2 Transite Pipe
Flow Re Time K kw kHPC
(gPm) (hrs) (l/day) (l/day) (l/day) (l/day)
4.1 gpm 2100 5 2.1 1.6 0.25 0
4.5 gpm 2300 3 4.0 1.5 0.25 1.3
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Under these two very similar flow tests, the decay attributed to the term Rhpc 
ranged considerably. While it is possible that microbial detachment intermittently 
occurred under flow conditions, the data is too sporadic and sparse to make this 
assumption. When field values presented a better correlation (i.e., R2 value), the model 
results more closely tracked the field conditions (Figure 7.11).
0.65 -I--------------- :--------------- :---------------
0 1 2  3
Time (hours)
Fig. 7.11: Model Prediction Comparison between Scenario 1 
and 2, CD-2 Site 6-inch Pipe, Fall 1999, Flow =  4.1 
gpm, t =  2.25 hours
Model comparisons indicate the diffusion term, koiFF is not needed when applying 
turbulent flow equations. The original diffusion model was developed for quiescent 
conditions which are not present when Re>2300. Wall decays of 0.25 ft/day were used. 
It is interesting to note that this wall demand is 10 times higher than the PVC pipe 
(0.02 ft/day) under free chlorine scenarios. These data suggest that biofilms may be 
more established in transite pipe locations. All the test sites were installed in the 1970’s 
which would allow biofilm colonies to establish themselves.
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7.5.3 Reactions and Fate o f Chloramines (Phase 3 and 4)
Following the switch to chloramines, the decay sink attributed to microbial 
detachment events still appeared in zero flow models. Under no flow, overall decay can 
be represented by K  =  kb + k DlFF + k HPC. However, the term, kHPC, may be more 
directly related to the location o f the pipe within the distribution system. NM-71 is 
located in an isolated area with low chloramine residuals. The term, Rhpc was utilized 
in 83% o f the zero flow tests (5 out o f 6). O f the four HPC samples collected under 
Phase 4, two samples were collected a t NM-71. O f these two tests, increased HPC 
count increases corresponded to an elevated overall decay K. W hen the term K was not 
elevated, the HPC counts were decreased as well. This finding strongly supports the 
premise of kHPC being the additional sink (Fig. 7.12).
4  o -
c , 0.6 
^  0.5
^  0.3 
|  0 2  
t5 o . i
it o
O CD-2 NM-71 Q-99
Transite Sample Sites
□  HPC j
I
■  Diffusion |
jBBulk |
B
Fig. 7.12: Average Values o f Individual Sinks for Transite 
Pipe under Chloramines at Zero Flow Conditions
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Q-99 was the only site tested under flow and zero flow conditions. No data 
correlation could be made. Table 7.16 provides a summary o f the test data. Wall decays 
rates between 0.01 —0.30 ft/day  were used, yet none o f the results provided consistent 
model prediction.
Table 7.16: Summary o f Results: Spring 01 and W inter 02 Q-99 Transite Pipe
Flow Re Time K k s k w k n p c
(gpm) (hrs) (l/day) (l/day) (l/day) (l/day)
0 - 6 0.12 0.05 - 0
0 - 5.5 0.66 0.17 - 0.4
1 400 6 0.12 0.04 0.01 0
2 850 5 0.61 0.16 0.3 0
6 2400 6 0.15 0.12 0.01 0
Figure 7.13 illustrates one particular model run under Phase 4 where a kw value 
o f 0.3 ft/day was used. This value was selected as it eliminated the Rhpc term. The HPC 
results from the sample period indicated that no significant microbial detachment 
during the sample period. Therefore, the knpc term should approach zero.












Fig. 7.13: Model Prediction Comparison between Scenario 1 and 2, Q-99 
Site 8-inch Transite Pipe, W inter 2002, Flow = 2.2 gpm, t=  5 
hours, kw = 0.3 ft/day
Figure 7.14 illustrates another model run under Phase 4 where a kw value o f 0.01 
ft/day was used. This value was selected as it adequately reflected the mass transfer. 
The HPC results from the sample period indicated that no significant microbial 
detachment during the sample period. Therefore, the kHPC term should approach zero. 
Likewise, there was no iron release during the sample period.


















F ig . 7
0 2 4 6
.14: Model Prediction Comparison between Field and Scenario 2, 
Q-99 Site 8-inch Transite Pipe, W inter 2002, Flow = 6.1 gpm, 
t=  5 hours, kw = 0.01 ft/day
7.5.4 Disinfectant Decay and the Role of Biofilm Detachment (Phase 4)
Table 7.17 contains the HPC sample results. As shown by the results, elevated 
HPC levels did appear under some zero flow conditions. However, initial and final HPC 
counts did not correlate as well. Normally, the term kHPC is only required when the 
HPC colony densities increase over time. In some tests, the HPC counts decreased over 
the time period. As in the case of wall demand calculations, transite pipe correlated 
poorly.
Table 7.17: HPC Results and Related Decay Parameters— Phase 4
Location Flow K k> K-k* HPCo H PCl D elta
(gpm) (l/day) (I/day) (l/day) (cfu/ml) (cfu/ml) (cfu/ml)
Q-99 0 0.66 0.17 0.49 105 350 245
2 0.61 0.16 0.45 230 130 0
6 0.15 0.12 0.03 110 75 0
NM-71 0 0.33 0.16 0.17 89 6 0
0 1.29 0.31 0.98 1180 j 470 0
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7.5.6 Possible Benefits o f  Chloramines vs. Free Chlorine
In the case o f  chloramines, there was an improvement in reducing the bulk 
decay, kB. Average kB values for free chlorine and chloramines were 0.93 d a y 1 and 0.11 
d a y 1 respectively. Table 7.18. indicates an improvement under zero flow conditions.
As stated earlier, it  appears that chloramine is more effective at penetrating biofilms 
where the pipe surface is smooth and homogenous.
Table 7.18: Comparison o f Average Decay Rates under Zero Flow
Free CU Chloramine
K kB K kB
(l/day) (l/day) (l/day) (l/day)
CD-2 1.42 0.55 0.05 0.05
NM-71 - - 0.64 0.13
Q-99 - - 0.39 0.11
7.5.7 Conclusions and Observations for Disinfectant Decay in Transite Pipe
The following observations can be made:
1. W hen free chlorine is used, HPC activity under zero flow appears to be very 
persistent. The overall decay rates (K) were approximately three times higher than 
the bulk decay rate (kB).
2. Under free chlorine and chloramine scenarios, none o f the test runs correlated well 
with the models. O f all o f the pipe classes, transite provided the least consistent 
results. Field data results did not provide good correlations with the existing and 
new models. F or reasons unknowns, there was some difficulty in obtaining a
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relatively homogeneous chlorine residual throughout the pipe section at time, t =  0. 
Wall demand rates had to be adjusted for each run to provide any model fits. 
Chloramine wall demands between 0.01 — 0.20 ft/day were used.
3. From an overall decay standpoint, chloramines appear to be better than free
chlorine at penetrating the biofilm. Overall decay rates for chloramines were 25% of  
the rates for free chlorine. However, this must be tempered with the reduced 
disinfection power of chloramines.
4-. Based on HPC results, wall shed events still continued after chloramination.
However, based on overall decay rates, chloramines greatly reduced the wall shed 
frequency.
5. After chloramination, NM-71 continued to exhibit elevated overall decay rates
under zero flow. The average K vs. Rb values ranged between 2 —16 with an average 
value o f 5. This suggests that low flow areas with an established biofilms will not 
experience significant w ater quality improvements unless flow patterns improve.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
179
8: RESULTS AND ANALYSIS OF DECAY MODELS FOR CAST
IRON PIPE
8.1 Introduction to Presentation o f Data
8.1.1 Summary o f Model Approach
Cast Iron pipe exhibited the most significant overall decays as compared to PVC, 
ductile iron, and transite. As indicated in Table 8.1, cast iron was several times more 
reactive for disinfectant decay when compared to the other classes o f pipe. The specific 
decay sinks will be identified and quantified in the following sections. However, this 
additional decay in attributed primarily to microbial wall sheds events (Rhpc) and to a 
lesser degree iron release and oxidation (kiRox).
Table 8.1: Maximum “K” Values for all Pipe Classes under 
Free Chlorine and Chloramine Disinfection








For rough pipe such as unlined cast iron, mass transfer was examined under 
three separate scenarios.
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Scenario 1: Hausen equation QEq 4-6]] l°r  laminar flow and the Lenton Sherwood 
equation QEq 4-4]] for turbulent flow.
Scenario 2: Lenton Sherwood equation regardless o f flow regime.
Scenario 3: Lenton Sherwood equation regardless o f flow regime but with hydraulic 
adjustments in pipe properties.
. Rh = 0.20 D
•  D i a  r o u g h  =  0-90 Dia s m o o t h
Refer to Tables 8.2 and 8.3 for a summary of the cast iron pipe model results.
Appendix D contains the collected data for cast iron pipe. Sites SP-90, SDA-203, M-48, 
LAG-110, and NM-59A are the test locations.
Table 8.2: Summary o f Test Runs- Cast Iron Pipe
Cast #  o f  T est Runs
Phase 2 Phase 3 Phase 4 Total
Zero Flow Zero Flow Zero Flow
SP-90 2 5 10 9 1 1 28
SDA-203 2 4 9 10 1 2 28
M—18 0 5 4 4 2 1 16
LAG-110 4 13 6 5 2 0 30
NM-59A 4 8 2 3 2 1 20
12 35 31 31 8 5 122
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
181
Table 8.3: Summary o f Iron Release Testing for Cast Iron Pipe— Phase 3 and 4
Site Size Zero Flow Flow
Cast Iron (in) #  Tests #  Iron 
Releases





SP-90 8 10 5 6 4 0.2 0.2
M-48 10 8 6 6 0 0.4 0.5
SDA-203 8 8 7 12 2 0.7 0.7
LAG-110 6 8 3 5 1 0.3 0.2
NM-59 6 5 1 2 0 0.1 0.1
8.1.2 Establishing a Global kw Value
In comparing all five test locations, an overall kw value of 5 ft/day was 
established. As an overview, the term kw is shown in Eq 3-5 below:
In Equation 3.5, there is a point in which an increase in the term kw does not increase 
the overall decay K. This occurs because no more disinfectant can be advected to the 
pipe wall under the existing flow conditions established in the model. Figure 8.1 
illustrates a 3.5 gpm test run conducted in Spring 2002 at location SP-90.









IK vs. kw for 8" Cast Iron Pipe
0.00
0 31 O 6o
kw (ft/day)
Fig. 8.1: K vs. kw for SP-90 Cast Iron Pipe, Spring 2002, 
Flow =  3.5 gpm
As seen in Figure 8.1, the term kw develops an asymptotic relationship with K. 
In this particular run, K values do not significantly change with increases in kw above 2 
ft/day. An overall kw o f 5 ft/day was found to provide a satisfactory value for all the 
cast iron locations. In addition, this term falls within an acceptable range o f values as 
documented In the EPANET tutorial (Rossman 2000).
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8.2 SP-90 Test Location
8.2.1 Summary of Results
Refer to Table 8.4-, 8.5 and Figure 8.2 for overall data comparisons. 
Table 8.4: Summary o f Decay Coefficients- SP-90 Cast Iron Pipe
K k > k w k.M T klR O N k o iF F k n p c
(l/day) (l/day) (ft/day) (l/day) (1 /day) (l/day) (l/day)
Free Cl« Ave
No Flow 2.4-4.6 0.4-1.3 - 0 0.20 0.25 1.5-2.9
Flow 3.1-12.0 1.0-4.6 5 1.1-2.1 0.20 0 0-6.1
Chloramine
No Flow 0.4-2.7 <0.12 - 0 0.20 0.25 0-2.2
Flow 0.5-2.2 <0.12 5 0.1-1.2 0.20 0 0-1.1
Disinfectant Decay 
SP-90 Cast Iron (8")
- Chloramine(Fall0O)
■*—  ChloraminefWintO 1)
4?—  Chloramine(SpringO 1)
* —  Chloramine(SuniO 1)
•  Chloramine (Winter 02) 






Fig 8.2: Decay Rate Comparisons for SP-90
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Table 8.5: Iron  Decay Rates for SP-90
SP-90 k lR O N
(l/day)
“0" Flow 0.1
<  6 gpm 0.4
Ave 0.2
8.2.2 Reactions and Fate o f Free Chlorine (Phase 2)
Under Phase 2, seven tests (Summer 00) were conducted. Results were 
extremely varied with overall decay rates (K) ranging as high as 12.0 d a y 1. There were 
apparently some significant microbial shed events occurring under zero flow. Under no 
flow, overall decay can be represented by K  =  kb + k DtFF + kHPC + k lRON.
No HPC data were collected during Phases 2 and 3. Therefore, it can not be 
determined specifically whether microbial detachment events occurred. However, 
Phase 4 data (from other cast iron locations) supports this premise with elevated HPC 
counts corresponding with larger overall decay rates, K.
Under flow conditions, there were five tests for free chlorine flow data. Model 
results were compiled with three scenarios:
•  Scenario 1 -  laminar flow plus diffusion
•  Scenario 2 -  turbulent flow with no diffusion
•  Scenario 3 -turbulent flow with no diffusion using modified pipe properties (Rh =  
0.20 and Dia rough — 0.90 Dia smooth)
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Scenario 2 (turbulent flow w ithout diffusion) provided the best correlation w ith  
the field results* Model comparisons indicate the diffusion term, I c d i f f  is not needed 
when applying turbulent flow equations. The original diffusion model was developed 
for quiescent conditions which are not present when Re>2300. O verall decay increased 
under flow  conditions as illustrated in Figure 8.3.
6 i
\ ■  Mass Transfer 
jD H P C
' □  IronI
: ■  Diffusion 
El Bulk
Zero Flow  
Flow  Condition
F ig  8.3: Average Values for Individual Sinks for SP-90
Cast Iron Pipe under Free Chlorine Disinfection
Scenario 1 generally underpredicted the disinfectant decay as the Hausen 
equation (used in laminar flow) did not adequately represent all o f the mass transfer. 
Conversely, Scenario 3 overpredicted the disinfectant decay. The modified hydraulic 
pipe properties appeared to overcorrect the mass transfer calculations. For comparative 
purposes, all three scenarios were plotted w ithout an adjustment for the term  kHPC 
(Figure 8.4).




■*— Scenario 2 







Fig. 8.4: Model Prediction Comparison between Scenario 2 and 3,
SP-90 Cast Iron, Summer 2000, Flow =11 gpm, t=3.25 hours
Because o f the widely varying data under free chlorine, model fits did not always 
match field conditions. Table 8.6 compares the results of two flow tests conducted in 
August 2000. These results were correlated using Scenario 2 (turbulent flow model 
without diffusion).
Table 8.6: Summary o f  Results: Summer 00 SP-90 Cast Iron Pipe
Flow Re T im e K kg kw knpc
(gpm) (hrs) (l/day) (l/day) (l/day) (l/day)
4.9 gpm 1900 4 12.0 4.6 5 6.0
5 gpm 1900 4.5 5.8 1.7 5 2.8
Under two very similar flow tests, the term Ichpc ranged considerably. While it 
is possible that wall shed interm ittently occurred under flow conditions, the data was 
too sporadic and sparse to make this assumption.
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There is a more likely reason for the disparity in results for cast iron under free 
chlorine conditions. As shown in Table 8.7, the initial chlorine concentrations were 
very low with values o f 0.48 and 0.33 m g/L respectively. Normal sampling protocol 
included preliminary flushing o f the water grid. However, in this area o f the base, 
chlorine residuals would not improve even after 1 hour of flushing. The R* values for 
data correlation were above 94% for all data points.
Table 8.7: Correlation Values for Field Data: Summer 00
Field Cone Overall Bulk
Flow Co C. K R* kb R*
(gpm) mg/L mg/L (l/day) (l/day)
4.9 0.48 0.07 12.0 0.98 4.6 1.00
5 0.33 0.10 5.8 0.94 1.7 0.96
Co = initial field chlorine concentration 
Ci =  final field chlorine concentration
Initial chlorine concentrations (Co) have a significant effect on overall 
demand (K). Figure 8.5 displays a graphical representation o f a 0.5-mg/L demand 
exerted over a 6-hour period. As can be seen in the graph, an increase from a 1- 
m g/L  to a 3-m g/L C0 residual signifies a four-fold decrease in K.
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Decay Rate (K) vs. Initial Chlorine Cone (C0)
^  6 0  1 
- I *  4 -  0  * 
2.0 -  
0.0
1.25 1.75 2.25 3.25
C0 (mg/L)
Fig. 8.5: K vs. C; Values for a 0.5 m g/L Disinfectant Demand, t= 6 hours
8.2.3 Reactions and Fate o f Chloramines (Phase 3 and 4)
During Phases 3 and 4, microbial detachment events occurred under zero flow. 
Under no flow, overall decay can be represented by K = kb + kDIFF +■ kHPC + kIR0N.
For flow conditions, overall decay can be represented by K = kb +- k ^  + kHPC + k,R0N. 
Overall decay under zero flow conditions was significantly larger in magnitude than 
under flow conditions (Figure 8.6).







Fig. 8.6: Average Values for Individual Sinks for SP-90 Cast 
Iron Pipe under Chloramine Disinfection
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Overall decay values under flow and no flow remained in a similar range o f 0.4-
2.7 d a y 1. However, the term  Ichpc ranged as high as 2.2 d a y 1 under zero flow 
conditions but only peaked a t 1.1 d a y 1 under flow conditions. Therefore, microbial 
detachment appears to be more prevalent under zero flow conditions and will decrease 
as flow increases. Based on sampling, iron release did not constitute a significant decay 
sink in this particular area o f the base. Based on sampling conducted under Phase 3 —4, 
a kiRON value of 0.2 d a y 1 was used for all model runs. As in the case of free chlorine 
conditions, Scenario 2 provided the best correlation with field results. Scenario I 
generally underpredicted the disinfectant decay while Scenario 3 overpredicted this 
decay (Figure 8.7). These results are calculated without the term  kHPC accounted for in 
the overall decay.
2.7
♦ Field j 
— ■— Scenario 2!I








0 o 6 8
Time (hours)
Fig. 8.7: Model Prediction Comparison between Scenario 2 and 3,
SP-90 Cast Iron, Summer 2001, Flow = 5.4 gpm, t  = 6.3 hours
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8.2.4 HPC Sampling Disinfectant Decay and the Role if  Biofilm Detachment (Phase 4) 
Table 8.8 contains the HPC sample results. As indicated by the results, 
microbial detachments did appear under zero flow conditions. Winter 02 (Phase 4) 
sampling provided the lowest overall demands o f all the data sets collected. The data 
did not capture a high K value coupled with an elevated HPC count. However, the SP- 
90 data does infer that low overall decay rates (K) are coupled with low HPC results.
Table 8.8: HPC Results and Related Decay Parameters— Phase 4
Location Flow K ka K-k* HPCO HPCl Delta
(SPm) (1 /  day) (l/day) (l/day) (cfu/ml) (cfu/ml) (cfu/ml)
SP-90 0 0.44 0.10 0.34 120 285 165
4 0.47 0.08 0.39 65 10 0
8.2.5 Seasonal Variations in Decay in Cast Iron Pipe
For chloramines, there were no significant variations between winter and 
summer bulk decay rates, kB. All values were below 0.12 d a y 1. Overall demand rates in 
the winter months were significantly lower than other seasons. The average K value 
(flow and non-flow combined) for winter was 0.8 d ay1 while the non-winter month 
average was 2.6 day1. This three-fold decrease appears to be attributed to decreased 
HPC activity.
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8.2.6 Possible Benefits o f Chloraraines vs. Free Chlorine
In the case o f chloramines, there was an improvement in reducing the bulk 
decay, kB. Average kB values for free chlorine and chloramines were 1.9 day*1 and 0.06 
day*1 respectively. W inter 2001 and 2002 provided the lowest overall decays based on 
decreased HPC activity. Chloramine decay rates under zero flow conditions were also 
reduced but the effects were less pronounced.
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8.3 SDA-203 T est Location
8.3.1 Summary o f Results
Refer to Table 8.9, 8.10 and Figure 8.8 for overall data comparisons.
Table 8.9: Summary o f Decay Coefficients- SDA-203 Cast Iron Pipe
K k * k w k.M T klH O N k o iF T kitpc
(l/day) (l/day) (ft/d
ay)
(l/day) (l/day) (l/day) (l/day)
Free Cl<
No Flow 4.2-7.4 0.9-1.1 - 0 1.2 0.13 2.0-5.0
Flow 3.5-5.1 0.9-1.3 5 0.8-2.0 0 0 0.1-3.4
Chloram ine
No Flow 1.3-8.8 0.04-0.50 - 0 1.2 0.13 0-6.9
Flow 0.9-3.8 0.05-0.48 5 0.5-1.8 0 0 0-3.2
SDA-203 (8")
Free Cl (SummerOO) 
Chloramine(WinterO 1) 
Chloramine(Fall 01) 
Chloramine (W inter 02) 




Fig. 8.8: Decay Rate Comparisons for SDA-203
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Table 8.10: Iron Decay Rates for SDA-203
S D A k lR O N
(l/d a y )
“0" Flow 1.2
<  12 gpm 0.2
Ave 0.6
8.3.2 Reactions and Fate o f  Free Chlorine (Phase 2)
Under Phase 2, six tests (Summer 00) were conducted. Overall decay rates were 
highest under zero flow conditions with an average value of K = 5.8 d a y 1. Microbial 
sheds appear to be more persistent under zero flow. Under zero flow, overall decay can 
be represented by K = k b + k D,FF + kHPC +  k mON.
No HPC data was collected during Phases 2 and 3. Therefore, it can not be 
determined specifically whether microbial detachment events occurred. However,
Phase 4 data supports this premise with elevated HPC counts corresponding with 
larger overall decay rates, K.
Under flow conditions, there were four tests for free chlorine flow data. Model 
results were compiled with three scenarios:
•  Scenario 1 -  laminar flow plus diffusion
•  Scenario 2 - turbulent flow with no diffusion
•  Scenario 3 -  turbulent flow with no diffusion using modified pipe properties (Rh =  
0.20 and Dia r o u g h  — 0.90 Dia s m o o t h )
Overall decay rates between zero flow and flow tests are illustrated in Figure 8.9.
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8.9: Average Values for Individual Sinks for SDA-203
under Free Chlorine Disinfection
Scenario 2 and Scenario 3 provided the closest correlation with field 
measurements. Once flow reached 10 gpm (Re = 3900), the kHPC was minimal at less 
than 0.20 d a y 1. It was not always possible to replicate similar data points for similar 
trial runs, model fits can not always match field conditions. Table 8.11 compares the 
results o f two flow tests conducted In June 2000. These results were correlated using 
Scenario 2 (turbulent flow model without diffusion).
Table 8.11: Summary o f Results: Summer 00 SDA-203 Cast Iron Pipe
Flow Re Time K k . kw kin*c
(gpm) (hrs) (l/day) (l/day) (l/day) (l/day)
7 gpm 2700 5 4.1 0.96 5 1.7
7 gpm 2700 5 5.1 0.93 5 2.7
The difference In results can be attributed to the initial free chlorine concentrations o f  
0.83 and 0.64 day1 respectively. As discussed In the Methods Section, normal sampling
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protocol included preliminary flushing of the water grid. However, chlorine residuals 
could not always be raised to higher residual even after 1 hour o f flushing.
Scenario 1 generally underpredicted the disinfectant decay as the Hausen 
equation (used in laminar flow) did not adequately represent all o f the mass transfer. 
Conversely, Scenario 3 generally overpredicted the disinfectant decay. The modified 
hydraulic pipe properties appeared to overcorrect the mass transfer calculations. For 
comparative purposes, all three scenarios were plotted without an adjustment for the 












0 2 * 6  
Time (hours)
Fig 8.10: Model Prediction Comparison between Scenario 1,2
and 3, SDA-203 8-inch Cast Iron, Summer 2000, Flow = 3 
gpm, t=5.5 hours
8.3.3 Reactions and Fate o f  Chloramines (Phase 3 and 4)
During Phases 3 and 4, microbial detachment occurred under zero flow. Under 
no flow, overall decay can be represented by K  =  kb + kDtFF +■ kHPC +- klRON. For flow
-•— Field 
• — Scenario 1 | 
A "Scenario 2 i 
* — Scenario 3
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conditions, overall decay can be represented by K  = k b + k HPC. Based on iron 
results collected, no significant iron release occurred under flow conditions. Overall 
decay values under zero flow were higher than under flow conditions (Figure 8.11).
This is attributed to microbial w all sheds as evidenced by HPC results. As in the case 
o f free chlorine, there was a breakpoint condition where microbial detachment events 
appeared to be minimal. This occurred at 8 gpm (Re =  3200). In  w inter scenarios 
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Figure 8.11: Average Values for Individual Sinks for SDA-203
under Chloramine Disinfection
Scenario 2 provided the best correlation w ith field data. Scenario 1 generally 
underpredicted the disinfectant decay as the Hausen equation (used in lam inar flow) did 
not adequately represent all o f the mass transfer. Conversely, Scenario 3 generally
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overpredicted the disinfectant decay. The modified hydraulic pipe properties appeared 
to overcorrect the mass transfer calculations. For comparative purposes, all three 
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Fig 8.12: Model Prediction Comparison between Scenario 1, 2 and 3,
SDA-203 8-inch Cast Iron, W inter 2001, Flow =  5 gpm, t=5.6 
hours
8.3.4; Disinfectant Decay and Role o f  Biofilm Detachment (Phase 4)
Table 8.12 contains the HPC sample results. As shown by the results, microbial 
detachments did appear under zero flow conditions. An increase in HPC colony 
densities did appeared under zero flow conditions. Under a flow condition, the HPC 
figures did not increase. However, the data suggests that the term knpc can be a valid 
parameter when HPC counts are above 500 cfu/ml.
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Table 8.12: HPC Results and Related Decay Parameters — Phase 4
Location F low K k* K-k> HPCo H PC l D e lta
(gpm) (l/day) (I/day) (l/day) (cfu/ml) (cfu/ml) (cfu/ml)
SDA-203 0 3.50 0.21 3.29 115 505 390
2.6 2.16 048 1.68 575 455 0
8.3.5 Seasonal Variations with Chloramines
In comparison to overall decay (K), the bulk decay (ke) was not a significant 
factor. These bulk decay rates ranged between 0.04 — 0.50 d ay1 and no consistent trend 
was found. The lowest bulk decay rates occurred in Winter 01 with an average value of 
0.08 d ay1. The highest values were collected in Fall 01 with an average value o f 0.43 
d a y 1. This five-fold increase also could not be explained.
As expected, overall demand rates in the winter months were lower than other 
seasons. The average K value (flow and non-flow combined) for winter was 2.0 d a y 1 
while the non-winter month average was 4.5 d a y 1. This two-fold decrease can be 
attributed to decreased HPC activity.
8.3.6 Possible Benefits o f Chloramines vs. Free Chlorine
In the case o f chloramines, there is an improvement in reducing the bulk decay, 
kB. Average kB values for free chlorine and chloramines are 1.0 d ay1 and 0.24 d ay1 
respectively. Winter 01 and 02 provides the lowest overall decays based on decreased 
HPC activity. Chloramine decay rates under zero flow conditions were also reduced but 
the effects were not as pronounced.
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8.4 M-48 Test Location
8.4.1 Summary o f Results
Refer to Table 8.13, 8.14 and Figure 8.13 for overall data comparisons. 
Table 8.13: Summary o f Decay Coefficients- M-48 Cast Iron Pipe
K ka kw k.MT k lR O N koiFF I c h p c
(l/day) (l/day) (ft/day) (l/day) (l/d ay) (l/day) (l/day)
C hlorine
Flow 1.3-5.1 0.5-1.5 5 0.05-0.14 0 0 0.3-3.0
Chloram ine
No Flow 1.3-2.5 <0.14 0 0 0.7 0.06 0.5-1.6
Flow 0.4-1.0 <0.13 5 0.1-0.7 0 0 0-0.7
4.0
3.5 Disinfectant Decay 
M-48 Cast Iron (10")3.0
— ± — Free Cl (SpringOO)
—-x — Chloramine (WinterO 1)
♦ Chloramine (Summer 01) 








0 6 168 10 12 14
Flow (gpm)
Fig. 8.13: Decay Rate Comparisons for M-48
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Table 14.10: Iro n  Decay Rates for M-48
M-48 k lR O N
(l/day)
“0" Flow 0.7
< 12 gpm <0.1
Ave 0.4
8.4.2 Reactions and Fate of Free Chlorine (Phase 2)
Under Phase 2, five flow tests (no zero tests) were conducted. Overall decay 
rates fluctuated with much larger decay rates in the 9 —10 gpm (Re =  3000) range. 
Overall decay can be represented by K  = kb + +  k D,FF +  k HPC. No HPC data was
collected during Phases 2 and 3. Therefore, it can not be determined specifically 
whether HPC shed events occurred. Model results were compiled with three scenarios:
•  Scenario 1 -  laminar flow plus diffusion
•  Scenario 2 -  turbulent flow with no diffusion
•  Scenario 3 -  turbulent flow with no diffusion using modified pipe properties (Rh = 
0.20 and Dia r o u g h  = 0.90 Dia s m o o t h )
Overall decay rates o f the flow tests are illustrated in Figure 8.14.
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□  Mass 
Transfer
Flow
Figure 8.14: Average Values for Individual Sinks for M-48 
under Free Chlorine Disinfection
Scenario 1 (laxninar flow with diffusion) and Scenario 2 (turbulent flow without 
diffusion) provided identical results. Four o f the five test runs occurred under turbulent 
flow so diffusion was not included in either scenario. The remaining test under laminar 
flow did not significantly vary as kvrr and koiFF were relatively minor terms with values 
no greater than 0.06 d a y 1. I t  was not always possible to replicate similar data points 
for similar trial runs as the model predictions did not always match field conditions. 
Table 8.15 compares the results o f two flow tests conducted in April 2000. These 
results were correlated using Scenario I.
Table 8.15: Summary of Results: Spring 00 M-48 Cast Iron Pipe
Flow Re T im e K k w klD*C
(gpm) (hrs) (l/day) (l/day) (l/day) (l/day)
8.9 2800 6 4.2 1.1 5 3.0
10.0 3100 5.5 5.1 1.5 5 3.5
13.3 4100 4 1.7 1.3 5 0.3
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Scenario 2 generally underpredicted the disinfectant decay while Scenario 3 
overpredicted the disinfectant decay. The modified hydraulic pipe properties appeared 
to overcorrect the mass transfer calculations. For comparative purposes, both scenarios 
were plotted without an adjustment for the term Ichpc (Figure 8.15).
0.6
o  0.2
♦—  Field 
■—  Scenario 2
— A— Scenario 3
0 2 4 6
Time (hours)
Fig 8.15: Model Prediction Comparison between Scenario 2 and 3,
M-48 10-inch Cast Iron, Spring 2000, Flow = 1 3  gpm, t=4 
hours
8.4.3 Reactions and Fate o f Chloramines (Phase 3 and 4)
Under Phases 3 and 4, microbial shed events occurred under zero flow. Under 
no flow, overall decay can be represented by K  — kb 4- kDtFF + kHPC +■ k lR0N. For flow
conditions, overall decay can be represented by K  = kb +- km  -4 kHPC. Based on iron 
results collected, no significant iron release occurred under flow conditions. Overall 
decay values under zero flow were higher than under flow conditions. This is attributed
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to microbial wall sheds as evidenced by HPC results. The average value K for zero flow 
was 1.76 day-1 and decreased to an average value o f 0.91 day-1 under flow conditions 
(Figure 8.16). In winter scenarios under flow conditions, HPC activity was reduced 
and overall decay rates reflected this decrease.
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>*auu
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■  Mass Transfer |
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Figure S. 16: Average Values for Individual Sinks for M -48
under Chloramine Disinfection
Scenario 2 provided the best correlation with field results. Scenario I generally 
underpredicted the disinfectant decay while Scenario 3 overpredicted this decay (Figure 
8.17). These results are calculated without the term Rhpc accounted for in the overall 
decay.
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Fig 8 .IT: Model Prediction Comparison between Scenario 1, 2 and 3, 
M-48 10-inch Cast Iron, W inter 2001, Flow =  5 gpm, t=6 
hours
8.4.4 Disinfectant Decay and the Role o f Biofilm Detachment (Phase 4)
Table 8.16 contains the HPC sample results. As indicated by the results, 
microbial detachments appeared under zero flow and flow conditions.
Table 8.16: HPC Results and Related Decay Parameters— Phase 4
Location Flow K ki K-k> HPCO HPCl Delta
(gpm) (l/day) (l/day) (l/day) (cfu/ml) (cfu/ml) (cfu/ml)
SPCM ethod
M-48 o 2.14 0.07 2.07 3 185 182
R2A Method
0 2.49 0.13 2.36 190 315 125
5.1 0.62 0.10 | 0.52 1665 1195 0
♦ Field 
— ■— Scenario I 
...A*. - Scenario 2 
— *— Scenario 3
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8.4.5 Possible Benefits o f Chloramines vs. Free Chlorine
In the case of chloramines, there was an improvement in reducing the bulk 
decay, kB. Average kB values for free chlorine and chloramines are 1.1 d a y 1 and 0.09 
d a y 1 respectively. W inter 01 and 02 provides the lowest overall decays based on 
decreased HPC activity.
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8.5 LAG-110 T est Location
8.5.1 Summary of Results
Refer to Table 8.17, 8.18 and Figure 18.8 for overall data comparisons.
Table 8.17: Summary o f Decay Coefficients- LAG-110 Cast Iron Pipe
K k a kw k.M T k lR O N k o iF F kiipc
(l/day) (l/day) (ft/day) (l/day) (l/day) (l/day) (l/day)
Chlorine
No Flow 4.8-4.9 0.5-1.2 0 0 0.2 0.25 3.2-3.8
Flow 4.9-7.4 0.6-2-4 5 1.5-4.4 0 0 0-4.3
Chloram ine
No Flow 1.2-4.3 0.04-0.5 0 0 0.2 0.25 0.7-3.4
Flow 1.1-8.1 0.05-0.4 0.3-5 0.8-2.5 0 0 0-5.3
♦ — Free Cl (Sum99)
—■— Free Cl (Fall99) i  ~  _ _
— -A — Free Cl (WinterOO) LAG-110 Cast Iron (G )
— ^moramine^pringu i ; 
-*— Chloramine(SumO 1)
•  Chloramine(Falio l )













0 3t 2 6 So i
Flow (gpm)
Fig. 8.18: Decay Rate Coefficients for LAG-110
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Table 8.18: Iron Decay Rates for LAG-110
LA G -l lO k lR O N
(l/day)
“ 0 "  Flow 0 . 2
< 6 gpm 0 . 1
Ave 0.2
8.5.2 Reactions and Fate o f Free Chlorine (Phase 2)
Under Phase 2, a total o f  eleven tests were conducted. Based on this data, the 
overall decay rate K remained relatively constant between zero flow and flow conditions 
(Figure 8.19). Under no flow, overall decay can be represented by 
K  = kb -h k DtFF + kHPC. Under flow conditions, overall decays can be expressed as 
K  = kb + + kDtFF + kHPC. No HPC data was collected during Phases 2 and 3. 
Therefore, it can not be determined specifically whether HPC shed events occurred. 
However, Phase 4 data (from other cast iron locations) supports this premise with HPC 
sheds corresponding with larger overall decay rates, K. Model results were compiled 
with three scenarios:
•  Scenario 1 -  laminar flow plus diffusion
•  Scenario 2 -  turbulent flow with no diffusion
•  Scenario 3 -  turbulent flow with no diffusion using modified pipe properties (Rh =
0.20 and Dia rough — 0.90 Dia smooth)
Overall decay rates o f the flow tests are illustrated in Figure 8.19.
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Figure 8.19: Average Values for Individual Sinks for LAG-110 
under Free Chlorine Disinfection
Scenario 2 (turbulent flow without diffusion) provided the best correlation with 
field results. Model comparisons indicate the diffusion term, Icdiff is not needed when 
applying turbulent flow equations. T he  original diffusion model was developed for 
quiescent conditions which are not present when Re>2SOO. Scenario 1 generally 
underpredicted the disinfectant decay while Scenario 3 overpredicted this decay (Figure 
8.20). These results are calculated without the term Ichpc accounted for in the overall 
decay.










« —  Scenario 2 
A*** Scenario 3
0.50 1.51 CJ 2.5
Time (hours)
Fig 8.20: Model Prediction Comparison between Scenario 2 and 3, 
L A G -1 10, W inter 2000, Flow =  7 gpm, t=2 hours
8.5.3 Reactions and Fate o f Chloramines (Phase 3 and 4)
Under Phases 3 and 4, there can still be some significant microbial shed events 
occurring under zero flow. Under zero flow, overall decay can be represented by 
K  = kb +  k D,FF + kHPC. F or flow conditions, overall decay can be represented by 
K  = kb + +  k HPC. Based on iron results collected, no significant iron release
occurred under flow conditions. For microbial sheds events, the results were somewhat 
varied. Under zero flow conditions, microbial detachments appear to occur on a 
consistent basis. However, under flow conditions, the overall decay rates varied 
dramatically between the summer and non-summer months.
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Figure 8.21 represents the average value o f the individual decay sinks for zero 
flow and flow conditions. The overall decay rate under flow conditions is 




3.00 — j ■  Diffusion 
o -.iS B u lk>» 2.50
2.00
^  1.50 
3
£  1.00 + 
0.50
0.00
■  Mass Transfer 
□  HPC  
i □  Iron
Zero Flow
Flow Condition
Figure 8.21: Average Values for Individual Sinks for L A G -110 
under Chloramine Disinfection
W hen the flow condition data was sorted between summer and non-summer 
months, the overall decay rate K  changed dramatically (Figure 8.22). W ithout the 
summer data, zero flow data and flow condition data correlated much closer. W hile  
temperature effects on decay rates were noted at other sites, this site exhibited the 
largest differences between seasons.
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Figure 8.22: Average Seasonal Values for Individual Sinks for 
LAG-110 under Chloramine Flow Conditions
Under non-summer months, Scenario 2 provided the best correlation with the 
field results. During the Fall and Spring 01 sample periods, a kw value of 5 
overpredicted the mass transfer. In these situations a kw value between 0.3-0.4 d a y 1 
provided the best results (Figure 8.23). This suggested that the biofilm experienced 
during penetration. No additional kHPC term was needed. As in the case o f the other 
cast iron sites, Scenario 1 underpredicted the decay while Scenario 3 overpredicted the 
decay (Figure 8.23).
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Fig 8.23: Model Prediction Comparison between Scenario l, 2 and 3, 
LAG-110 6-inch Cast Iron, Fall 2000, Flow = 3 gpm, t=6 
hours, kw = 0.4 ft/day
Summer results provided the largest overall demands, which are therefore 
attributed to the term kHPC. For example, K ranged as high as 8.1 d a y 1 in Summer 01 
but never exceeded 2.2 day1 during the other sample periods. For the summer months, 
none of the model scenarios provided consistent results to match the field results. All 
the model runs underpredicted the decay unless a kHPC term was included to reflect the 
unresolved demand (Figure 8.24). These results are calculated without the term knpc 
accounted for in the overall decay.










-  Field 
-«— Scenario 1 
-A--- Scenario 2 
-x—  Scenario 3
0 " Flow (gpm) * 6
Fig 8.24: Model Prediction Comparison between Scenario 1,2 and 3, 
LAG-110 6-inch Cast Iron, Summer 01, Flow = 3 gpm, t=5 
hours, kw = 5 ft/day
8.5.4 Disinfectant Decay and the Role o f Biofilm Detachment (Phase 4)
Table 8.19 contains the HPC sample results. As shown by the results, microbial 
detachments appeared under zero flow conditions. The data infers that lower overall 
decay rates (K) are coupled with lower HPC results. This supports the validity of 
applying the term kHPC to a disinfectant decay model.
Table 8.19: HPC Results — Phase 4
Location Flow K K-k« HPCo HP C l Delta
(gP»n) ( l/d a y ) ( l/d a y ) ( l/d a y ) (cfu/ ml) (cfu/ ml) (cfu/ml)
L A G -1 10 0 1.27 0.15 1.12 70 35 0
0 2.11 0.16 1.95 465 800 335
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8.5.5 Seasonal Variations
For chloramines, summer bulk decay rates, kB averaged 0.33 d a y 1 while non­
summer kB values averaged 0.11 d a y 1. Overall demand rates in the summer months 
were significantly higher than other seasons. The average K value (flow and non-flow 
combined) for summer was 5.3 d a y 1 while the non-summer average was 1.6 d a y 1. This 
three-fold decrease can be attributed to decreased HPC activity.
8.5.6 Possible Benefits o f Chloramines vs. Free Chlorine
In the case of chloramines, there is an improvement in reducing the bulk decay, 
kB. Average kB values for free chlorine and chloramines are 1.5 d a y 1 and 0.2 d a y 1 
respectively. W ith the exception o f Summer 01, chloramines reduce the overall decay 
within the system.
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8.6 NM-59A T est Location
8.6.1 Summary of Results
Refer to Tables 8.20 and 8.21 and Figure 8.25 for overall data comparisons.
Table 8.20: Summary o f Decay Coefficients- NM-59A Cast Iron Pipe
K ks k w k u T klM OK k o iF F k u p c
(l/day) (l/day) (ft/day) (l/day) (l/day) (l/day) (l/day)
Chlorine
No Flow 3.5-4.6 0.7-1.0 0 0 0 0.25 2.6-3.4
Flow 0.8-4.4 0.4-2.1 1 0.2-2.5 0 0 0-2.5
Chloram ine
No Flow 0.3-1.2 0.1-0.2 0 0 0 0.25 0-0.8
Flow 0.1-0.7 0.1-0.2 <0.1 0-0.6 0 0 0
— * — Free Cl (Summer99) 
N M -59  C a s t I ro n  (6 M) — H— Free Cl (WinterOO)
* - -X * * Free Cl (Summer 00)
♦ -  - Chloramine (Spring 01) 
— Chloramine (Winter 02)
4 .0  
3.5
3.0 
\  2.5 






Fig. 8.25: Decay Rate Coefficients for NM-59A
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Table 8.21: Iron Decay Rates for NM-59A
NM -59 A k lR O N
(l/day)
“0" Flow 0.1
< 7 gpm 0.1
Average 0.1
8.6.2 Observations o f Variance in Data
NM-59A varied from the other cast iron locations due to its position in the 
distribution system. NM-59A is a dead end line with no w ater usage other than a fire 
hydrant. As a result, there has been no historical flow through the pipe. As discussed 
in Section 6, this lack o f flow appeared to inhibit the tubercle growth inside the pipe, 
which in turn has altered the biofilm characteristics. Based on the assumption that the 
tubercles are absent, there would be reduced surface area for biofilm attachment. This 
is evidenced in the lower overall decay rates collected in Phase 3 and 4.
8.6.3 Reactions and Fate o f  Free Chlorine (Phase 2)
Under Phase 2, NM-59A provided very sporadic data for Winter 00 and 
Summer 00. The term kw was adjusted to a value o f 1 ft/day which gave a better fit for 
Winter 00. Under zero flow, the overall decay rate K ranged between 3.5-4.6 day*1. 
And can be represented by K  = kb + kDIFF + kHPC. Under winter conditions, mass 
transfer (k\rr) adequately represents the decay. Under summer conditions, the term 
kHPC is needed to account for all the additional decay (Figure 8.26).
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Fig. 8.26: Average Values for Individual Sinks for NM-59 Cast Iron Pipe
under Free Chlorine Disinfection
Flow model results were compiled w ith  three scenarios:
•  Scenario 1 -  lam inar flow plus diffusion
•  Scenario 2 -  turbulent flow with no diffusion
•  Scenario 3 -  turbulent flow with no diffusion using modified pipe properties ( R h  =
0.20 and Dia r o u g h  = 0.90 Dia s m o o t h )
Scenario 1 (laminar flow with diffusion and turbulent flow without diffusion) provided 
the best results (Figure 8.26). Using a diffusion rate constant, kDIFF of 0.25 d a y 1 
provided a significant proportion o f  the total decay. As a result, the wall demand kw 
values were reduced to 1 ft/day.
No HPC data was collected during Phases 2 and 3. Therefore, It can not be 
determined specifically whether microbial detachment events occurred. However, 
Phase 4; data supports this premise w ith elevated HPC counts corresponding with 
larger overall decay rates, K.
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---K--- Scenario 3
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Fig. 8.26: Model Prediction Comparison between Scenarios 1, 2 and 3, 
NM-59 6-inch Cast Iron Pipe, Winter 2000, Flow = 2 gpm, t 
= 6 hours
8.6.4? Reactions and Fate o f Chloramines (Phase 3 and 4-)
Under Phases 3 and 4, microbial wall shed events were absent during flow 
conditions. Under zero flow, only one of four tests indicated any significant HPC 
demand (Figure 8.27). In many cases, the wall demand, kw approached zero.
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.27: Average Values for Individual Sinks for NM-59 Cast Iron Pipe 
under Chloramines Disinfection
8.6.5 Disinfectant Decay and the Role o f Microbial Detachment (Phase 4)
Table 8.22 contains the HPC sample results. As shown by the results, HPC wall 
sheds did appear under zero flow conditions. The data infers that low overall decay 
rates (K) are coupled with low HPC results.
Table 8.22: HPC Results and Related Decay Parameters— Phase 4
Location Flow K ka K-k. HPCo HP C l Delta
(gpm) (l/day) (l/day) (l/day) (cfu/ml) (cfu/ ml) (cfu/ml)
NM-59A 0 1.22 0.17 1.05 150 272 122
0 0.32 0.17 0.15 427 48 0
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8.6.6 Possible Benefits o f Chloramines vs. Free Chlorine
In the case o f chloramines, there was an improvement in the overall behavior o f  
the water. Average ks values for free chlorine and chloramines were 0.9 d a y 1 and 0.1 
d a y 1 respectively. Overall decay rates (K) for free chlorine and chloramine were 2.9 
d a y 1 and 0.5 d a y 1. I t appears that chloramines are very successful in reducing overall 
decay in cast iron that lacks significant tubercle growth.
8.7 Conclusions and Observations for Cast Iron Pipe
The following observations can be made based on the results o f the five sites:
1. In free chlorine scenarios, HPC activity under zero flow appeared to be very 
persistent. The overall decay rates (K) were several times higher than the bulk 
decay rate (kB).
2. In free chlorine and chloramine scenarios, applying turbulent flow conditions 
(regardless o f the Reynolds number) provided the best correlations with the field 
results. The exceptions to this observation were locations M-48 and NM-59.
3. Modifying the hydraulic properties o f cast iron pipe to account for tubercle growth 
did not improve model predictions. Applying the modified hydraulic radius and 
diameter in the mass transfer expressions overestimated the disinfectant decay.
4. M-*8 performed adequately using the Hausen and Lenton-Sherwood expressions.
This correlation was presumably due to the larger diameter of this pipe (10"). I t  is 
likely that the fow factor was below a value 0.10 and would have allowed laminar 
flow conditions. The term  kDIFF was also used in the model but its effect was 
negligible.
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5. NM-59A did not correlate well due to its lack of tubercle growth. This site 
underscores the importance o f  tubercle formations with respect to biofilm 
characteristics. This also agrees with the observations that smooth wall pipes do 
not experience biofilm growth as significantly as tubercled pipe.
6. From an overall decay standpoint, chloramines appeared to perform better than free 
chlorine at penetrating the biofilm. Overall decay rates were several times lower for 
chloramines versus free chlorine. However, this must be tempered with the reduced 
disinfection power o f chloramines.
7. Based on HPC results, microbial detachments still continued after chloramination. 
However, based on overall decay rates, chloramines greatly reduced the detachment 
frequency.
8. After chloramination, many sites continued to exhibit elevated overall decay rates 
under zero flow. This suggests that low flow areas with an established biofilms will 
not experience significant water quality improvements unless flow patterns 
improve.
8.8 Comparisons of Pipe Wall Reactivity with other Pipe Classes
Figures 8.28-8.31 illustrate the behavior of each pipe class in response to a free
chlorine and chloramine disinfection environment. From the entire study, the following
observations can be made:
•  PVC provided the least reactive wall surface while cast iron is the most reactive. 
Transite is slightly more reactive than ductile iron.
•  Chloramines reduced the overall decay rates for all classes o f pipe.
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Fig  8.28: PVC Decay Coefficient Comparison,
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Fig 8.29: Ductile Iron Decay Coefficient Comparison,
Pre and Post Chloramination
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Fig. 8.30: Transite Decay Coefficient Comparison, 
Pre and Post Chloramination
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Fig. 8.31: Cast Iron Decay Coefficient Comparison,
Pre and Post Chloramination
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I t is im portant to note that the term  kHPC was not determined quantitatively. 
After all other sinks were identified and quantified, the remainder o f the decay was 
attributed to this term. However, the term  kHPC correlated well the incidence o f 
HPC counts under zero flow conditions.
9.3 Observations from Field Studies
1. PVC provided the least reactive wall surface while cast iron was the most reactive. 
Transite was slightly more reactive than ductile iron.
2. In low flow areas, significant decay still occurred under zero flow conditions. The 
three additional sinks (diffusion, iron, HPC) were useful for these applications.
3. Microbial detachment events appeared to occur under quiescent conditions. This 
sloughing effect is unusual because much literature suggests wall-shed events occur 
in response to a shearing velocity within the pipe.
4. Chloramines reduced the overall decay rates for all classes of pipe.
5. While chloramines reduced the overall decay for cast iron, biofilms appeared to be 
persistent. The tubercle growth likely insulated the bacterial colonies from 
disinfectant inactivation.
6. Cast iron main replacement is the most effective strategies to improving water 
quality in a distribution system.
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9.5 Diffusion and Iron Sinks
The following observations can be made:
1. Diffusion is a significant decay mechanism under zero flow conditions for pipe 
diameters 8 inches and smaller.
2. Adjustments in the diffusion term to account for tubercled surface profiles appear to 
be justified.
3. Iron release can occur under no flow and flow conditions.
-K Iron release can be very sporadic. Under this sampling period, iron release was 
found in 56% o f the zero flow events and in 22% of the flow events. This finding 
suggests that iron release is more prevalent under stagnant or quiescent conditions.
5. Iron release did not follow a seasonal pattern, nor did it significantly increase during 
the summer months as expected.
9.6 Recommendations for Future Research
1. Test locations are needed which allow longer sample periods. This would improve 
data quality and trend prediction.
2. Sample taps with in-ground meters directly connected to the test mains would allow 
better sample collection. Operating the fire hydrant for zero flow samples is not as 
satisfactory. The barrel has to be slowly flushed so that there Is no contribution o f  
iron or HPC from sloughing the barrel.
3. More work is needed correlating the term kttpc with actual HPC density data. It is 
possible that the term kHPC may actually be a function of other decay rate constants 
such as kiRON or kw.
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4. More w ork is needed on- examining the importance o f the spatial location o f a main 
within the system. The location o f a main can influence its biofilm characteristics 
and effect the decay rates.
9.6 Benefit o f  Research
1. Traditional water quality models typically involve skeletonizing a water 
distribution system which may eliminate certain pipes on the extreme ends o f 
the systems. This work highlighted the need not to overlook the more isolated 
dead end sections of the water system where bacteriological degradation o f the 
water quality is most prevalent.
2. Advective mass transfer generally controls current mass transfer expressions.
In stagnant and quiescent flow conditions, the disinfectant decay may be 
underestimated by not identifying other decay mechanisms such as iron release, 
diffusion, and microbial detachment from the pipe wall. By identifying and 
quantifying additional disinfectant decay sinks within a specific water 
distribution system, better model predictions will be possible.
3. This study strongly supports the premise o f enhanced biofilm penetration 
provided by chloramine disinfection. However, in cast iron systems, biofilm 
continued to be a persistent phenomenon.
4. The study provided finite values for decay rates among various pipe classes. 
These results demonstrate the benefit o f  PVC pipe in terms of wall reactivity. 
Reducing the hydraulic residence time may be the single most im portant 
parameter in preserving water quality. However, this work demonstrates the
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benefit o f r e p la c in g  cast iron pipe with PVC to diminish the effect of pipe wall 
interaction with the bulk phase o f the water.
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BESSEL FUNCTION SPREADSHEET SOLUTIONS FOR CHLORINE 
DIFFUSION TO PIPE WALL UNDER ZERO FLOW
As stated in Section 4, the finite solution representing disinfectant decay as a 
result o f  diffusion to the pipe wall can be represented as:
K  — -DArt
Rz
[[Eq 4-45]]
The model assumes a completely homogeneous concentration throughout pipe at time = 
0. The solution to this problem allows the determination o f the chlorine concentration 
a t any radial distance from the centerline o f the pipe. For an average concentration, a 
r /R  ratio o f0.707 was used. A t this radial distance from the center, there are equal 
volumes o f water on each side o f this point (Figure A.l).
EQUAL VOLUMES
Fig. A.1: Radial Coordinate System for Calculating Average 
Disinfectant Chlorine Concentrations
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This model works well within in an Microsoft Excel spreadsheet as the functions Jo and 
Ji already exist within the Function W izard functions. The value, Xn, are the zeros of 
the Bessel function (Table A.1). I t  can be seen that the period between these zero 
distances approaches the value o f n  as x approaches infinity (Figure A.2).
0 . 8
-0
Fig. A.2: Bessel Functions o f the First Kind
Table A.1: Values of Xn
s Xn s x„
1 2.40482 11 33.77582
2 5.52007 12 36.91709
3 8.65372 13 40.05842
4 11.79153 14 43.19979
5 14.93091 15 46.34118
6 18.07106 16 49.48260
7 21.21163 17 52.62405
8 24.35247 18 55.76551
9 27.49347 19 58.90698
10 30.63460 20 62.0486
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For setting up the spreadsheet, let
-D/Pr
c M --2C4 , t j £ ‘  ' be expressed as
C ( r , t )  =  2 C 0 £  \ t e r m 2 x t e r m 3  ]
Solutions to the various pipe diameters are provided in Tables A.2 — A.7.
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Table A.2: Bessel Function Spreadsheet to Calculate Chlorine Concentration at t  =2
days (Initial Concentration =  2 mg/L, 4-inch diameter tubercled pipe)
4 inch tubercled pipe (3.6-inch adjusted diameter)
Initial Chlorine Reading = 2 .0  m g/L
Time Period =  2 day
D = DifFusivity o f Chlorine
conversion
D D R R2 t
(ft2/sec) (ft2/d) (in) (ft2) (d)
l.SE-08 1.12E-0S 2 0.023 2
s jo r /R jo* r /R Jo J i Term  3 Term  2*3
1 2.40483 0.707 1.700 0.398 0.519 5.61E-01 1.8E-01
2 5.52008 0.707 3.903 -0.402 -0.340 4.77E-02 1.0E-02
3 8.65373 0.707 6.119 0.182 0.271 5.66E-04 4.4E-05
4 11.79153 0.707 8.338 0.086 -0.232 9.36E-07 -2.9E-08
5 14.93092 0.707 10.558 -0.232 0.207 2.16E-10 -1.6E-11
6 18.07106 0.707 12.778 0.186 -0.188 6.92E-15 -3.8E-16
7 21.21164 0.707 14.999 -0.014 0.173 S.10E-20 -1.2E-22
S 24.35247 0.707 17.220 -0.145 -0.162 1.9SE-26 7.1E-28
9 27.49348 0.707 19.441 0.177 0.152 1.68E-33 7.1E-35
10 30.63461 0.707 21.662 -0.075 -0.144 2.03 E-41 3.4E-43
11 33.77582 0.707 23.883 -0.074 0.137 S.4SE-50 -5.5 E-52
12 36.91710 0.707 26.104 0.154 -0.131 8.05E-60 -2.6E-61
13 40.05843 0.707 28.326 -0.111 0.126 2.64E-70 -5.8E-72
14 43.19979 0.707 30.547 -0.013 -0.121 1.20E-81 2.9E-84
15 46.34119 0.707 32.768 0.118 0.117 7.66E-94 1.7E-95
16 49.48261 0.707 34.989 -0.126 -0.113 6.79E-107 1.5E-108
17 52.62405 0.707 37.211 0.038 0.110 8.39E-121 5.5E-123
18 55.76551 0.707 39.432 0.074 -0.107 1.44E-135 -1.8E-137
19 58.90698 0.707 41.654 -0.124 0.104 S.46E-151 -7 .OE-153
20 62.04847 0.707 43.875 0.075 -0.101 1.16E-167 -1.4E-169
0.189081
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Table A.3: Bessel Function Spreadsheet to Calculate Chlorine Concentration at t =2
days (Initial Concentration =  2 mg/L, 4-inch diameter smooth pipe)
4 inch smooth pipe
Initial Chlorine Reading = 2.0 m g/L
Time Period = 2 day
D = Diffusivity o f Chlorine
conversion
D D R R2 t
(ft2/sec) (ft2/d) (in) (ft2) (d)
1.3E-08 1.12E-OS 2 0.028 2
s j° r /R Jo * r /R Jo Ji Term 3 Term  2*3
1 2.40483 0.707 1.700 0.398 0.519 6.3 E-01 2.0E-01
2 5.52008 0.707 3.903 -0.402 -0.340 8.5E-02 1.8E-02
3 8.65373 0.707 6.119 0.182 0.271 2.3E-03 1.8E-04
4 11.79153 0.707 8.338 0.086 -0.232 l.SE-05 -4. lE-07
5 14.93092 0.707 10.558 -0.232 0.207 1.5E-08 -l.lE -0 9
6 18.07106 0.707 12.778 0.186 -0.188 3.4E-12 -1.9E-1S
7 21.21164 0.707 14.999 -0.014 0.173 1.6E-16 -6.0E-19
8 24.35247 0.707 17.220 -0.145 -0.162 1.5E-21 5.4E-23
9 27.49348 0.707 19.441 0.177 0.152 2.8E-27 1.2E-28
10 30.63461 0.707 21.662 -0.075 -0.144 l.lE-SS 1.8E-35
11 33.77582 0.707 23.883 -0.074 0.137 8.6E-41 -1.4E-42
12 36.91710 0.707 26.104 0.154 -0.131 1.4E-48 -4.3E-50
13 40.05843 0.707 28.326 -0.111 0.126 4.4E-57 -9.6E-59
14 43.19979 0.707 30.547 -0.013 -0.121 2.9E-66 6.9E-69
15 46.34119 0.707 32.768 0.118 0.117 S.8E-76 8.2E-78
16 49.48261 0.707 34.989 -0.126 -0.113 1.0E-86 2.3E-88
17 52.62405 0.707 37.211 0.038 0.110 5.5E-98 3.6E-100
IS 55.76551 0.707 39.432 0.074 -0.107 6.0E-110 -7.5E-112
19 58.90698 0.707 41.654 -0.124 0.104 l.SE-122 -2.7E-124
20 62.04847 0.707 43.875 0.075 -0.101 6.0 E -l 36 -7.2E-138
0.217941
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Table A.*: Bessel Function Spreadsheet to Calculate Chlorine Concentration at t =2
days (Initial Concentration =  2 mg/L, 6-inch diameter tubercled pipe)
6 inch tubercled pipe (5.4-inch adjusted diameter)
Initial Chlorine Reading =  2.0 m g/L
Time Period =  2 day
D = Diffusivity o f Chlorine
conversion
D D R R2 t
(ft2/sec) ( f tV d ) (in) (ft2) (d)
l.SE-08 1.12E-03 2.7 0.051 2
s jo r /R jo*  r /R Jo Ji Term  3 Term  2
I 2.40483 0.707 1.700 0.398 0.519 7.74E-01 2.46E-01
o 5.52008 0.707 3.903 -0.402 -0.340 2.59E-01 5.5SE-02
3 8.65373 0.707 6.119 0.182 0.271 S.60E-02 2.79E-0S
4 11.79153 0.707 8.338 0.086 -0.232 2.09E-03 -6.56E-05
5 14.93092 0.707 10.558 -0.232 0.207 5.06E-05 -3.80E-06
6 18.07106 0.707 12.778 0.186 -0.188 5.09E-07 -2.79E-08
7 21.21164 0.707 14.999 -0.014 0.173 2.13E-09 -8.13E-12
8 24.35247 0.707 17.220 -0.145 -0.162 3.73E-12 1.S7E-1S
9 27.49348 0.707 19.441 0.177 0.152 2.71E-15 1.15E-16
10 30.63461 0.707 21.662 -0.075 -0.144 8.21E-19 1.39E-20
11 33.77582 0.707 23.883 -0.074 0.137 1.04E-22 -1.65 E-2 4
12 36.91710 0.707 26.104 0.154 -0.131 5.44 E-2 7 -1.72 E-2 8
13 40.05843 0.707 28.326 -O .lll 0.126 1.19E-S1 -2.62E-33
14 43.19979 0.707 30.547 -0.013 -0.121 1.09E-36 2.62E-S9
15 46.34119 0.707 32.768 0.118 0.117 4.12E-42 8.95E-44
16 49.48261 0.707 34.989 -0.126 -0.113 6.52E-48 1.47E-49
17 52.62405 0.707 37.211 0.038 0.110 4.29E-54 2.8 lE-56
18 55.76551 0.707 39.432 0.074 -0.107 1.18E-60 -1.47E-62
19 58.90698 0.707 41.654 -0.124 0.104 1.S4E-67 -2.71E-69
20 62.04847 0.707 43.875 0.075 -0.101 6.40E-75 -7.66E-77
0.304517
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Table A .5 : Bessel Function Spreadsheet to Calculate Chlorine Concentration at t =2
days (Initial Concentration =  2 mg/L, 6-inch diameter smooth pipe)
6 inch smooth pipe
Initial Chlorine Reading = 2 .0  m g/L
Time Period = 2 day
D= Diflusivity o f Chlorine
conversion
D D R R2 t
(ft2/sec) (ft2/d) (in) (ft2) (d)
1.3E-08 1.12E-OS 3 0.063 2
s j° r/R jo * r/R Jo Ji Term 3 Term 2*3
1 2.40483 0.707 1.700 0.398 0.519 8.12E-01 2.59E-01
2 5.52008 0.707 3.903 -0.402 -0.340 S.34E-01 7.15 E-02
3 8.65373 0.707 6.119 0.182 0.271 6.78 E-02 5.25 E-03
4 11.79153 0.707 8.338 0.086 -0.232 6.76E-0S -2.12E-04
5 14.93092 0.707 10.558 -0.232 0.207 3.3 lE-04 -2.49E-05
6 18.07106 0.707 12.778 0.186 -0.188 7.99E-06 -4.39E-07
7 21.21164 0.707 14.999 -0.014 0.173 9.48E-08 -3.61 E-10
8 24.35247 0.707 17.220 -0.145 -0.162 5.53E-10 2.03E-11
9 27.49348 0.707 19.441 0.177 0.152 1.59E-12 6.73E-14
10 30.63461 0.707 21.662 -0.075 -0.144 2.24E-15 3.79E-17
11 33.77582 0.707 23.883 -0.074 0.137 1.56E-18 -2.48E-20
12 36.91710 0.707 26.104 0.154 -0.131 5.S2E-22 -1.69E-23
13 40.05843 0.707 28.326 -0.111 0.126 S.95E-26 -1.96E-27
14 43.19979 0.707 30.547 -0.013 -0.121 7.40E-S0 1.78E-32
15 46.34119 0.707 32.768 0.118 0.117 S.OlE-34 6.53E-S6
16 49.48261 0.707 34.989 -0.126 -0.113 6.02 E-S 9 1.36E-40
17 52.62405 0.707 37.211 0.038 0.110 5.92E-44 3.88E-46
18 55.76551 0.707 39.432 0.074 -0.107 2.S7E-49 -3.58E-51
19 58.90698 0.707 41.654 -0.124 0.104 6.83E-55 -1.3SE-56
20 62.04847 0.707 43.875 0.075 -0.101 8.00E-61 -9.58 E-63
0.335331
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Table A.7: Bessel Function Spreadsheet to Calculate Chlorine Concentration at t =2
days (Initial Concentration = 2 mg/L, 8-inch diameter pipe)
8 inch smooth pipe
Initial Chlorine Reading = 2.0 mg/L
Time Period = 2 day
D = DifFusivity o f Chlorine
conversion
D D R R2 t
(ft-/sec) (ft2/d) (in) (ft2) (d)
1.3E-08 1.12E-03 4 0.111 2
s j° r/R jo * r/R Jo J i Term 3 Term 2*3
1 2.40483 0.707 1.700 0.398 0.519 8.90E-01 2.83 E-01
2 5.52008 0.707 3.903 -0.402 -0.340 5.40E-01 1.16E-01
3 8.65373 0.707 6.119 0.182 0.271 2.20E-01 1.71 E-02
4 11.79153 0.707 8.338 0.086 -0.232 6.0 IE-02 -1.88E-OS
5 14.93092 0.707 10.558 -0.232 0.207 1.10E-02 -8.29E-04
6 18.07106 0.707 12.778 0.186 -0.188 1.36E-0S -7.45 E-05
7 21.21164 0.707 14.999 -0.014 0.173 1.12E-04 -4.27E-07
8 24.35247 0.707 17.220 -0.145 -0.162 6.21E-06 2.28E-07
9 27.49348 0.707 19.441 0.177 0.152 2.3 lE-07 9.77E-09
10 30.63461 0.707 21.662 -0.075 -0.144 5.75E-09 9.72E-11
11 33.77582 0.707 23.883 -0.074 0.137 9.62E-11 -1.53E-12
12 36.91710 0.707 26.104 0.154 -0.131 1.08E-12 -3.42E-14
13 40.05843 0.707 28.326 -0.111 0.126 8.13E-15 -1.79E-16
14 43.19979 0.707 30.547 -0.013 -0.121 4.1 IE-17 9.9 lE-20
15 46.34119 0.707 32.768 0.118 0.117 1.S9E-19 3.02E-21
16 49.48261 0.707 34.989 -0.126 -0.113 3.17E-22 7.14E-24
17 52.62405 0.707 37.211 0.038 0.110 4.84E-25 3.16E-27
18 55.76551 0.707 39.432 0.074 -0.107 4.95E-28 -6.19E-30
19 58.90698 0.707 41.654 -0.124 0.104 3.40E-31 -6.87E-33
20 62.04847 0.707 43.875 0.075 -0.101 1.57E-S4 -1.88E-S6
0.413196
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B. SPREADSHEET SOLUTION FOR THE DETERMINATION OF
DISINFECTANT DECAY RATE CONSTANTS ATTRIBUTED TO IRON 
RELEASE, kiRON
For the decay model, the following assumptions were made:
5.) Chlorine/chloramine dominates the iron corrosion process. Dissolved oxygen is 
not a significant sink for iron oxidation.
6.) Initial chlorine residual levels do not influence chlorine consumption. Rate o f
consumption remains constant regardless o f the initial chlorine reading 
(Vasconcelos etal. 1996).
S.) Iron release may be more significant under zero flow scenarios.
To determine a decay rate coefficient attributed to iron, kiRON, the following 
methodology was developed in a spreadsheet. Refer to Tables B.l, -  B.5 for iron 
release calculations.
Parameters
Feo =  initial iron concentration at t=0
Fei =  final iron concentration at end o f sample event, t=ti
Co =  chlorine/chloramine concentration at t = O
Co — delta =  chlorine concentration at end o f sample event t= ti if all iron
release is converted to chlorine decay 
t =  length o f sample test
kmox =  decay rate for chlorine/chloramine attributed to iron release 
(l/day)
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Calculation Steps 
Step 1: Measure the increase in iron levels during sample event,
[[Column 3 = Column 2-Column 1]
Step 2: In Column 4, convert this iron concentration increase to the stoichiometric 
equivalent o f chlorine/chloramine consumed during this reaction. Assume that any 
increase in iron concentrations is reflected by a consumption ofchlorine/chlormaine. 
A 1-mg/l monochloramine demand is exerted for every 0.75 mg/1 pf iron In solution.
Step 3: Calculate a first order decay rate constant for this iron release.
~~7~ =  ~^IRON^ Oat
where: C = bulk-phase chlorine/chloramine concentration
kiRON =  first-order reaction rate constant attributed to disinfectant 
decay from iron release
when integrated becomes C(t) =  C0e~b QEq 2- 12]
where C(f)= [Column 6 — Column 4] chlorine/chloramine concentration a t time, t
C0 = [[Column 5] chlorine/chloramine concentration time, t  = 0
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Table B.l: SP-90 Iron Release Results
I 2 3 4 5 6 7 8 9
Time Flow Feo Fe, Fe, - Fe,, Fe:CI c . Co-delta Time kin.
Season (gP">) (tng/1) (mg/I) (mg/1) (hr*) (days) (1/d)
WinterOl 0 No release 0
0 0.06 0.20 0.14 0.19 224 2.75 24 1.0 0.1
4 0.35 0.64 0.39 0.52 2.84 222 6 0.25 0.8
SpringO I 0 0.22 0.46 0.24 0.32 2.66 224 24.5 1.0 0.1
0 0.11 0.25 0.14 0.19 2.66 2.47 6.5 0.27 02
4 No release 0.0
5 0.23 0.43 020 0.27 2.12 1.85 62 0.26 0.5
SummerOl 0 0.12 0.47 0.35 0.47 2.56 2.09 23.75 1.0 0.2
0 0.08 0.63 0.55 0.73 2.66 123 25 1.04 0.3
4 0.14 0.38 0.24 0.32 2.58 2.26 4.5 0.19 0.7
5 0.23 0.43 0.20 0.27 2.5 2.23 62 0.26 0.4
FallOI 0 No release 0.0
0 0.05 0.11 0.0
0 No release 0.0
WinterOl 0 0.12 0.17 0.00
4 No release 0.00
Ave 0.21
"0" Flow AveDev 0.22
0.10 0.41 StdDev 0.27
Table B.2: SDA-203 Iron Release Results
SDA-203
1 2 3 4 5 6 7 8 9
Time Flow Fee, Fe, Fe, - Fe0 FetCI c . Co-delta Time
Season (gpm) (mg/l) (mg/l) (mg/l) (hr*) (days) (l/d)
WinterOl 0 025 1.72 1.1T 1.56 2.8 124 232 1.0 0.8
0 0.67 1.75 1.08 1.44 1.71 027 24 1.0 1.8
2 No release 0
5 No release 0
It 0.03 025 022 029 2.13 1.84 3.75 02 0.0
SummerOl 0 026 0.80 024 022 129 1.67 6 02 0.7
0 026 0.65 029 0.52 2.07 125 4 0.2 1.7
0 021 029 0.0
5 No release 0.0
6 02 028 0.0
8 No release 0.0
FallOI 0 0.4 028 0.18 024 1.72 1.48 3 0.1 12
I 026 0.75 0.49 0.65 1.69 1.04 4.1 02 22
5 No release 0.0
6 No release 0
0 023 0.79 "0.46 0.61 121 120 6 02 1.7
2 No release 0.0
Winter02 0 0.13 029 0.46 0.61 224 1.63 4 02 12
3 No release 1 0.0
4 No release 1 0.0
"0" Flow Ave 0.6*
12 02 AveDev 0.77
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Table B.S: M-48 Iron Release Results
1 2 3 4 5 6 7 8 9
Tim e Flow Fe, Fe, -  Fe*, F e d Co Co-delta Time hinm
Season (SPm) (m g/l) (m g/l) (m g/l) (hr*) (days) (1/d)
W interOl 0 0.17 0.48 0.31 0.41 2.3 1.89 22 0.9 0.2
0 0.32 1.19 0.87 1.16 2.13 0.97 24 1.0 0.8
0 0.11 0.52 0.41 0.55 2.38 1.83 6 0.25 1.0
5 0.15 0.17 0.00
7 No release 0.0
10 No release 0.0
11 No release 0.0
SummerOl 0 0.32 0.62 0.30 0.40 1.55 1.15 23 1.0 0.3
0 No release 0.0
6 No release 0.0
SummerOl 0 0.09 0.20 0.11 0.15 3.32 3.17 6 0.3 0.2
0 No release 1 0.0
5 No release 1 I 1 0.0
WinterOS 0 0.2 1.14 0.94 1.25 3.32 2.07 4 0.2 2.8
"0" Flow Ave 0.38
0.7 0.00 AveDev 0.50
T able B.4: LA G -110 Iron Release Results
LAG-110
1 2 3 4 5 6 7 8 9
Time Flow Feb Fe, Fe, -  Feo FetCl Co Cg-delta Time hire*
Season (gPm) (m g/l) (mg/l) (m g/l) (hrs) (days) (l/d )
SpringOl 0 0.18 0.26 0.0
0 0.22 0.44 0.22 0.29 2.32 2.03 6 0.3 0.5
2 0.20 0.51 0.31 0.41 2.44 2.03 6 0.3 0.7
6 0.20 0.28 0.0
SummerOl 0 0.67 0.76 0.0
0 No Release 0.0
3 No Release 0.0
4 No release 0.0
5 No release 0.0
Fallot 0 No Release 0.0
0 0.18 0.29 0.0
W inter02 0 0.19 0.31 0.12 0.16 2.46 2.30 4 0.2 0.4
0 0.27 0.37 0.10 0.13 1.67 1.54 4.3 OS 0.5
"0" Flow Ave 0.17
0.2 0.1 AveDev OSS







Table B.5: NM-59 Iron Release Results
1 2 3 4 5 6 7 8 9
Flow Feb Fet Fe,-Feo Fe.Cl Co Co-delta Time ^in»
(gPm) (mg/l) (mg/l) (mg/l) (hrs) (days) (1/d)
0 No release 0.0
0 No release 0.0
s No release 0.0
s No release 0.0
0 No Release 0.0
0 0.23 0.40 0.17 0.23 3.48 3.25 5 0.2 0.3
0 No Release 0.0
"0" Flow Ave 0.05
0.06 0.0 AveDev 0.09
Std Dev 0.13
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Flow Time K kb kD|FF DifF Flow Time K kb DifT(sfm) (hours) (I/day) (l/day) (t/day) (t/day) (gM(hours) (l/day) (l/day) (l/day)
0 38 1.80 0.48 0.10 1.33 1.8 8 1.37 0.88 0.39
0 39 1.91 0.69 0.10 0.53 5.9 1.5 1.41 1.41
0 33.5 3.93 0.58 0.10 3.35
0 33 3.65 0.65 0.10 1.90
Ave 3.17 0.60 0.10 1.47
IVmterOO
Flow Time K kb kDIFF DifT
(gpm) (hours) (l /day) (I/day) (t/day) (t/day)
3.6 5.35 0.57 0.57 0
Total Chloramine
IVitUerOl SpringOl
Flow Time K kb kDIFF DifF Flow Time K kb DifF
(gpm) (hours) (I/day) (I/day) (I/day) (l/day) (gF*) (hours) (l/day) (l/day) (l/day)
0 48 0.15 0.05 0.10 0.00 0 73 0.13 0.05 0.07
SumOI fVinter02
Flow Time K kb DifT Flow Time K kb DifT
Cgp") (hours) (I/day) (t/day) (l/day) (gpm) (hours) (l/day) (l/day) (l/day)
0 93 0.31 0.11 0.10 0 6 0.83 0.31 0.63
0 67 0.83 0.16 1 4 0.34 0.08 0.16
Free Chlorine Bulk Total Bulk
Zero 0.60 3.17 Average 0.75
Flow 0.95 1.08
Chloramine Bulk Total Bulk
Zero 0.13 0.43 Average 0.11
Flow 0.08 0.34
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Flow Time ^TOTAL ^BU LK ^ D IF F DifT
(SF*) (hours) (t/day) (t/day) (l/day) (l/day)
0 48 0.97 0.28 0.2 0.49
0 SO 1.08 0.33 0.2 0.55
0 47 1.17 0.40 0.2 0.57
SummerOO
Flow Time ^TOTAL ^BULK ^ D IF F DilT
(gpm) (hours) (l/day) (1/day) (l/day) (t/day)
0 7 1.38 0.57 0.20 0.61
Ave 1.15 0.40 0.20 0.56
I 5.5 1.00 0.54 0.20 0.26
Total Chloramine
SpringOl
Flow Time ^TOTAL ^BUUC •*D1FF DifF
(gfm) (hours) (l/day) (l/day) (l/day) (l/day)
0 24- 0.18 0.06 0.20 -0.08
SumOl
Flow Time k ro T A L ^BULK l*DIFF DifT
(gt™) (hours) (t/day) (t/day) (l/day)
0 72 0.05 0.00 0.05
0 71.5 0.10 0.07 0.03
WinUrOa
Flow Time ^TOTAL ^BULK ^ D IF F DifT
(SP•*) (hours) (l/day) (l/day) (l/day) O/day)
0 5.75 1.03 0.07 0.20 0.76
I 4.75 0.10 0.10 0.20 -0.20
Free Chlorine Bulk Total Bulk
Zero 0.40 1.15 Average 0.42
Flow 0.54 1.00
Chloramine Bulk Total Bulk
Zero 0.05 0.34 Average 0.06
Flow 0.10 0 .1 0
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0 SO 1.04 0.21 0.20 0.63
0 SO 2.96 0.92 0.20 1.84
SummerOO













5 6 1.03 0.54 0.20 0.29
Ave 1.42 0.548 0.190 0.685
Total Chloramine
SpringOl











0 72 0.03 0.03













Flow Tim e T otal Bulk kDIFF DifF
(BPm) (hours) (l/day) (l/day) (l/day) (’/day)
08 + a e f77u9 *rrf 020 088
4.1 5 2.14 1.60 0.20 0.34
4.5 3 3.95 1.52 0.20 2.23
4.7 2 2.16 1.6 0.20 0.36
0.05
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Flow Time Total Bulk ^DIFF DifT
(gpm) (hours) (l/day) (l/d a y) (l/day) (l/day)
e € 4r02 Q&f- A 1Av T I v fe65
0 23 0.65 0.04 0.10 0.51
0 48 0.45 0.06 0.10 0.29
SpringOl
Flow Time Total Bulk koiFF DifT
(gPm) (hours) (l/day) (l/day) (l/d a y) (l/day)
0 23 0.53 0.14 0.10 0.29
0 24 0.58 0.08 0.10 0.40
WinterOS
Flow Time Total Bulk koiFF DifF
(gpm) (hours) (l/day) (l/day) (l/day) (l/day)
0 5 0.33 0.16 0.10 0.07
Summer 02
Flow Time Total Bulk ^DIFF DifF
(gpm) (hours) (l/day) (l/day) (l/day) (l/day)
0 5 1.29 0.27 0.10 0.92
Ave 0.64 0.13 0.1 0.41
Chloramine Bulk Total
Zero 0.10 0.51
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Flow Time Total Bulk ^DIFF Diff
(gPm) (hours) (l/day) (l/day) (l/day) (l/day)
1 6 0.12 0.04 0.1 -0.02
0 5.8 0.12 0.05 0.1 -0.03
Winter02
Flow Time Total Bulk k D|FF Diff
(gpm) (hours) (l/day) (l/day) (l/day) (l/day)
0 5.5 0.66 0.17 0.1 0.39
2 5 0.61 0.16 0.1 0.35
6 3.75 0.15 0.12 0.1 -0.07
Chloramine Bulk Total
Zero O .ii 0.39
Flow 0.11 0.29
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Flow Time K h|i K /kk l*DIFF Diir
SpringOO
Flow Time T otal Bulk Diir
(gpm) (ham) (l/day) (l/day) (l/day) (t/day) (gpm) (ham) (l/day) (l/day) (t/day)
0 67 0.51 0.28 1.8 0.20 0.03 10 10 0.47 0.41 0.06




Flow Time Total Bulk Flow Time K K /kb I*D1FF DifT
(gpm) (ham) (t/day) (l/day) (SPm) (ham) (l/day) (l/day) (l/day) (l/day)
0 78 0.07 0 68 0.52 0.41 1.3 0.20 -0.09
0 47 0.11 0.10 0 68.5 0.37 0.18 2.1 0.20 -0.01
Ave 1.7
4.6 6 0.25 0.18 0.07
7.1 6 0.33 0.21 0.12
8.5 6 0.37 0.10 0.27
0.22
HrinlerOi
Flow Time Total Bulk K/k„ DifT SpriugOt
OlPmJ (ham) (l/day) (l/day) (t/day) Flow Time T otal Bulk




Free Chlorine Bulk Total Bulk
Zero 0.31 0.66 Ave 0.34
Flow 0.37 0.40
Chloramine Bulk T o u t Bulk
Zero 0.21 0.27 Ave 0.18
Flow 0.14 0.28
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Table C.9: LAG-110 Cast Iron Field Data
LA G -110 Pipe
6 inch line Die 0.50 ft
Free Chlorine Area 0.80 ft*
Summerss
Flow Vel Tune K kB kDIFF kiRON Delta DifT Ave
(st*) Oh) (ho*Tt) (l/day) (l/day) (t/iay) (t/i*y) (t/iay) (t/i*j) (l/day)
0 0 11 4.85 1.84 0.85 0.2 3.16 3.61
0 0 21 4.77 0.53 0.25 0 3.79 4.84 3.93
WintcrOQ
Flow Vel Time K kB kDIFF ktROH Delta Diir
(gpm) 6M (boon) (t/day) (I'**y) (t/iay) (l/iay) (t/iay) (i/i*y)
2.9 0.033 5 4.85 0.41 0 0 4.44 4.44
4.6 0.058 3.5 5.48 0.94 0 0 4.54 4.54
6.1 0.069 8.5 6.09 0.80 0 0 5.89 5.89
7.3 0.083 2 6.41 8.38 0 0 4.03 4.03
* 6 0.006 6 4*5 *68 6 6 48? 48?
**5 *4*6 49 *69 4*4 4*5
FallS9
Flow Vel Time R kB kDIFF kiRON Delta DifT
(gpm) Oh) (ktmn) (t/day) (t/iay) (t/iay) (t/iay) (t/iay)
8.6 0.030 5.5 6.28 8.38 0 0 3.9 3.9
6 *664 745 10.68 *68 6 6 *6 *6
3.6 0.041 5 4.87 0.56 0 0 4.89 4.89
4.4 0.050 4 5.69 8.88 0 0 3.41 3.48
6.9 0.078 1.5 7.44 8.10 0 0 5.34 5.34
*8 fc-HW 2 *6? 488 6 e *45 *45
Chloramine
Failoo
Flow Vel Time R kB kDIFF ktROM Delta Dior Ave
(gfm) ow (Aoamrj r / / ^ ; (t/day) (t/iay) (t/iay) (t/iay) (t/day)
0 0 7 1.81 0.07 0.25 0.2 1.89 1.74
0 0 84 1.44 0.08 0.85 0.8 0.97 1.48 1.58
3.3 0.04 6 1.36 0.18 O 0 1.18 1.18 1.18
SpringOl
Flow Vel Time R kB kDIFF kiRON Delta DifT Ave
AM Oh) (t/day) (I/Jay) (t/iay) (t/iay) (t/iay) (t/iay)
0 0 4 1.33 0.04 0.25 0.8 0.64 1.89
0 0 6 1.18 0.04 0.85 0.2 0.69 1.14 1.82
8 0.08 6 L.09 0.05 0 0 1.04 1.04 1.04
6 0.0T 3.5 1.37 0.09 0 0 1.28 1.28 1.88
Fallot
Flow Vel Time K kB kDIFF ktnorr Delta Diir Ave
(gPm) Oh) (itmn) (t/day) (t/day) (t/iay) (t/iay) (t/iay) (t/iay)
0 0 5 8.23 0.88 0.85 0.2 1.56 8.01
0 0 4 2.09 0.23 0.85 0.2 1.41 1.86 194
Flow Vel Time R kB kDIFF klROK Delta Diir Ave
(gpm) Oh) ffcwr.; (t/d*,) (t/day) (t/iay) (t/iay) (t/iay) (t/iay)
0 0.000 83 8.39 0.31 0.85 0.2 1.63 2.08
0 0.000 6 4.89 0.47 0.25 0.8 3.37 3.88 895
3 0.034 6 5.18 0.23 0 0 4.89 4.89 4.89
4 0.045 4.7 *55 0.89 O 0 6.86 6.86 6.26
5 0.057 3 8.13 0.35 0 0 7.78 7.78 7.78
tf'm tens
Flow Vel Time K kB kDIFF kmoM Delta DilT
Oh) (kamn) (*/*7) (t/iay) (t/iay) (t/* r) (t/* y) (t/iay)
0 0.000 5.5 1.87 0.15 0.25 0.8 0.67 1.12
0 0.000 4.3 8.11 0.16 0.85 0.2 1.50 195 1.54
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Table C. 10: M -4 8  Cast Iron. Field Data
M-48 Comparison
10 inch line Die 0.83 ft
Free Chlorine Area 0.55 ft*
SpringOO
Flow Vel Time K k D IF F k|R O N D elta K-kB
(&m) CM (hours) (l/day) (l/day) (l/day) (l/day) (l/day) (l/day)
4 0.016 7 1.32 0.51 0.81 0.81
9 0.0S7 6 4.16 1.10 3.06 3.06
10 0.041 5.5 5.05 1.46 3.59 3.59
IS 0.05S 4 1.74 1.27 0.47 0.47
14 0.057 4 1.74 1.27 0.47 0.47
2.80 1.12 1.68 1.68
Chloramine
WmUrOl
Flow Vel Time K k B k D|F F kiRO N D elta K-kB Ave
(gM CM (hours) (l/day) (l/day) (l/day) (l/day) (l/day) (l/day) (l/day)
0 0 7 1.85 0.07 0.06 0.7 1.02 1.78
0 0 6 1.30 0.07 0.06 0.7 0.47 1.23 1.51
5 0.02 6 0.91 0.08 0.00 0.00 0.83 0.83 0.83
7 0.03 6.5 0.41 0.06 0.00 0.00 0.35 0.35 0.35
10 0.04 5 0.80 0.07 0.00 0.00 0.73 0.73 0.73
IVinterOS
Flow Vel Time K k B ^D IF F k[RON D elta K-kB Ave
(&m) CM (hours) (t/day) (l/day) ( l/day) (l/day) (l/day) (l/day) (l/day)
0 6 2.49 0.13 0.06 0.7 1.60 2.36
0 4 2.14 0.07 0.06 0.7 1.31 2.07 2.22
6 0.02 6 0.62 0.10 0.52 0.52 0.52
SummerOl
Flow Vel Time K k B kD IF F kiRO N D elta K-kB Ave
(gPm) CM (hours) (l/day) (t/day) (l/day) (l/day) (l/day) (t/day) (l/day)
0 0 23 1.85 0.07 0.06 0.7 1.02 1.78
o 0 22 1.57 0.12 0.06 0.7 0.69 1.45 1.62
6 0.02 6 1.04 0.12 0.92 0.92 0.92
Free Chlorine Bulk T otal Bulk
Zero Average 1.12
Flow 1.12 2.80
Chloramine Bulk T otal Bulk
Zero 0.09 1.95 Average 0.08
Flow 0.08 0.69
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